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Colloïdale quantum dots, een nieuwe klasse van materialen, hebben veel 
veelbelovende eigenschappen. Door het kwantum opsluitingseffect is een groot 
bereik van emissiegolflengten toegankelijk met slechts één enkel materiaal. Met 
behulp van een enkele chemische synthesetechniek waarbij slechts één 
parameter wordt aangepast, de QD-grootte, zijn ze een zeer veelzijdig en 
goedkoop emissiemateriaal. Een breed absorptiespectrum in combinatie met een 
smalle fotoluminescentie, instelbaar van het zichtbare tot het infrarood met een 
hoge fotoluminescentiekwantumopbrengst, maakt ze zeer aantrekkelijk voor 
toepassingen in de opto-elektronica. Bovendien plaatsen de lage kosten van de 
QD-synthese en depositiewerkwijzen, meestal door niet-vacuümtechnieken 
zoals spincoating of Langmuir-Blodgett-depositie, ze al op de voorgrond van 
uiteenlopende toepassingen zoals displays en verlichting. Dezelfde pluspunten 
van instelbare optische eigenschappen en eenvoudige verwerking maakt 
colloïdale QDs het meest aantrekkelijk voor hybride geïntegreerde fotonica, 
waar ze kunnen worden gebruikt als bouwstenen voor coherente lichtbronnen 
zoals lasers, incoherente breedband-LED's of zelfs ‘single’ foton bronnen. 
Siliciumnitride is een veelbelovend diëlektrisch materiaal met een grote 
verboden zone (5 eV) dat compatibel kan zijn met hetzelfde CMOS-raamwerk 
als silicium. Het heeft niet alleen een relatief groot indexcontrast in vergelijking 
met siliciumoxide en polymeer, maar heeft ook een zeer breed transparant 
venster, dat zich uitstrekt van 0,4 μm tot ongeveer 4 μm. Het nieuwe 
golflengtebereik van 0,4 μm tot 1,1 μm, waar silicium absorbeert, opent nieuwe 
toepassingen voor bio-detectie en Raman-spectroscopie op chip. De voordelige 
eigenschappen van SiN zijn aangetoond door talrijke groepen aangetoond, maar 
de meeste resultaten bleven beperkt tot puur passieve functionaliteiten zonder 
actieve functies, met in het bijzonder lichtemissie, die nog grotendeels ontbrak 
voor het SiN-platform. Dit laatste is essentieel voor het bouwen van volledig on-
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chip geïntegreerde systemen. Siliciumnitride is echter, net als silicium, geen 
ideaal materiaal om licht te genereren.  
In dit proefschrift hebben we een heterogeen integratieplatform ontwikkeld 
dat de uitstekende optische emissie-eigenschappen van colloïdale QDs 
combineert met het SiN-golfgeleiderplatform. Ten eerste is een passief SiN-
fotonisch-golfgeleiderplatform ontwikkeld en gedemonstreerd op basis van een 
door plasma versterkt chemisch dampdepositieproces. Met het geoptimaliseerde 
depositie- en etsrecept hebben we golflengten met weinig verlies bereikt, met ~ 
1 dB / cm optisch verliezen voor golflengten rond 900 nm. Bovendien kunnen 
de colloïdale QDs ingebed worden tussen twee SiN-lagen zonder de 
fotoluminescentie-eigenschappen te verliezen. Met het geoptimaliseerde 
depositie- en etsrecept, vertoont een SiN-golfgeleider, die een laag colloïdale 
QDs bevat, nog steeds golfgeleiderverliezen van ~ 2-3 dB / cm, laag genoeg 
voor de meeste golfgeleidercircuits. We hebben ook in detail de stress- en 
materiaalfluorescentie van SiN-lagen die met verschillende recepten zijn afgezet 
gekarakteriseerd, waardoor ze kunnen worden geoptimaliseerd voor 
verschillende toepassingen. 
Het ontwikkelde hybride SiN/colloïdale QDs-platform combineert colloïdale 
QDs met het SiN-golfgeleiderplatform waarbij de ingebedde QDs nog steeds 
licht kunnen uitzenden. Dit is een grote stap in de richting van ons doel om on-
chip lichtgeneratie te demonstreren. Wanneer deze ingebedde QDs worden 
gepompt met femtoseconde gepulste laserpulsen, tonen ze versterkte spontane 
emissie (ASE), die op efficiënte wijze in een golfgeleider kan gekoppeld worden. 
We hebben de traditionele VSL-methode (variabele strooklengte) aangepast in 
een op golfgeleider gebaseerde VSL-meting, wat helpt om de inherente 
problemen zoals licht spreiden in de laag, positieafhankelijkheid van de 
uitkoppeling, enz. van de standaard VSL-methode te elimineren. Op basis van 
deze verbeterde op golfgeleider gebaseerde VSL-meting, kunnen we de modale 
winst van golfgeleiders met ingebedde colloïdale QDs extraheren. Omdat de 
geometrie van de golfgeleider ons ook in staat stelt om de mode-opsluiting te 
berekenen, samen met de gekende volumefractie van de colloïdale QDs, kunnen 
we daaruit ook de intrinsieke materiaalversterking berekenen van de ingebedde 
compacte colloïdale QD-laag. De resultaten komen overeen met de resultaten 
die we behaalden met Transiënt Absorptie Spectroscopie (TAS). 
Gebruikmakend van deze optische winst, hebben we gedistribueerde 
feedbacklasers op het hybride SiN colloïdale QDs-platform ontworpen, 
gefabriceerde en gekarakteriseerd. De laser toont laserwerking in één mode 
onder femtoseconde gepulste pomping met een laserdrempel rond 12 μJ / cm2 
bij 400 nm. Om de laserprestaties verder te onderzoeken, gebruikten we een Q-
switched frequentie verdubbelde Nd: YAG laser (532 nm) met een 7 
nanoseconden pulsbreedte en een 938 Hz herhalingssnelheid. De laser vertoont 
nog steeds laserwerking met een laserdrempel van ongeveer 270 μJ / cm2. Voor 
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de flash CdSe / CdS kern / schil colloïdale QDs die we voor onze laser hebben 
gebruikt, laten de metingen die worden gerapporteerd in sectie 4.1 zien dat deze 
deeltjes een 2 ns-1 biexciton-verval vertonen, wat overeenkomt met een 
levensduur van 500 ps. In vergelijking met deze biexciton-levensduur kan onze 
7 ns-pomp feitelijk worden beschouwd als quasi-CW-pompen, met een 
equivalente laserdrempel rond 39 kW / cm2. Dit opent perspectieven in termen 
van CW-werking en, bijgevolg, een uitgebreid toepassingspotentieel. De 
intrinsieke combinatie met het mature SiN-golfgeleiderplatform opent dan 
onmiddellijk het pad naar meer complexe apparaten zoals afstembare lasers en 
arrays van lasers met een enkele mode of integratie met passieve structuren 
zoals on-chip spectrometers. 
Interessant is dat deze colloïdale QDs die tegen een lage kostprijs in dispersie 
kunnen worden gemaakt, direct op een substraat kunnen worden gedeponeerd in 
patronen. We hebben deze eigenschap gebruikt om versterkingsgekoppelde 
DFB-lasers te demonstreren op basis van een geoptimaliseerde colloïdale 
patroon-depostie techniek. De laser toont laserwerking in één mode zonder fase 
verschuiver in het midden van de lasercaviteit. De drempel ligt rond 950 μJ / 
cm2 bij 532 nm onder gepulste optisch pomp. We hebben ook geprobeerd 
colloïdale nanoplaatjes (NPL's) te combineren met het SiN-golfgeleiderplatform. 
De NPL's tonen nog steeds hun ASE nadat ze in de SiN-laagstapels zijn 
ingesloten. Een materiaalversterkingscoëfficiënt rond 3500 cm-1 kan uit de 
VSL-meting worden geëxtraheerd. Dit toont de veelzijdigheid van het ontwerp 
van hybride geïntegreerde fotonica-platformen. Ons geoptimaliseerde hybride 
SiN-golfgeleiderplatform kan mogelijks ook worden gebruikt voor de integratie 
van nog andere colloïdale nano-kristallen. 
Colloïdale QD's zijn uitstekende kandidaten voor het realiseren van ‘single’ 
fotonemitters die werken bij kamertemperatuur. Ons ontwikkeld SiN-
golfgeleiderplatform kan ook worden gebruikt om colloïdale QDs te integreren 
om on-chip ‘single’ fotonenbronnen te realiseren. Om deze op QD gebaseerde 
geïntegreerde ‘single’ fotonbronnen en de bijbehorende fotonische circuits te 
karakteriseren, zijn echter compacte, efficiënte en breedbandige koppelaars 
nodig die licht van een chip naar een objectief kunnen koppelen. In dit 
proefschrift hebben we het ontwerp, de fabricage en karakterisatie van een 
ultracompacte SiN-roosterkoppelaar aangetoond. De roosterkoppelaar is 
ontworpen om de koppeling tussen een gesuspendeerde SiN-golfgeleider en een 
microscopisch systeem te maximaliseren. Met de geoptimaliseerde parameters 
en slechts 3 perioden, hebben we experimenteel een koppelingsrendement van 
53% aangetoond voor de fundamentele TE-mode (@ 632,8 nm) naar een 
microscopisch systeem met 0,65 NA. Een 116 nm 1dB bandbreedte kan 
theoretisch worden bereikt, vanwege het hoge contrast van het rooster en de 
grote verzamelhoek van het microscopisch systeem. We hebben geprobeerd om 
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nano-vlakjes van monolaag colloïdale QDs in de zwevende golfgeleider in te 
bedden. Met optisch pompen kan de emissie van de ingebedde QDs goed 
worden gekoppeld aan de optische modes van de golfgeleider. Met behulp van 
de roosterkoppelaar kunnen deze emissies ook worden gekoppeld aan het 
objectief. 
In conclusie, dit proefschrift toont een succesvol ontwikkeld platform voor 
hybride integratie-fotonica, dat de uitstekende optische emissie-eigenschappen 
van colloïdale QDs combineert met het SiN-golfgeleiderplatform. Op basis van 
dit platform hebben we hybride laserbronnen met lage drempels gedemonstreerd. 
Er is ook gewerkt aan de realisatie van on-chip ‘single’-foton bronnen met dit 
platform. De resultaten tonen het potentieel om geïntegreerde ‘single’ 








Colloidal quantum dots, a new class of materials, have lots of promising 
properties. Through the quantum confinement effect, a large range of emission 
wavelengths is accessible from just a single material. Using a single chemical 
synthesis technique with only one parameter to adjust, the QDs size, they are a 
highly versatile and low cost emission materials. A broad absorption spectrum 
combined with narrow photoluminescence, tunable from the visible to the 
infrared with a high photoluminescence quantum yield makes them very 
appealing for applications in opto-electronics. Additionally, the low cost of the 
QD synthesis and deposition methods, typically through non-vacuum techniques 
such as spin coating or Langmuir-Blodgett deposition, already puts them at the 
forefront of diverse applications such as displays and lighting. The same asset of 
tunable optical properties and easy processing makes colloidal QDs most 
appealing for hybrid integrated photonics, where they could be used as building 
blocks for coherent light sources like lasers, incoherent broadband LEDs or even 
single photon sources.  
Silicon nitride is a promising dielectric material with a large band gap (5 eV) 
that can be compatible with the same CMOS framework as silicon. It not only 
has a relatively large index contrast compared with silicon oxide and polymer 
but also has a very wide transparency window, spanning from 0.4 μm to around 
4 μm. The new wavelength range from 0.4 μm to 1.1 μm, where silicon is 
absorbing opens new applications for on-chip bio sensing and Raman 
spectroscopy. The advantageous properties of SiN have been demonstrated by 
numerous groups, yet most results remained limited to purely passive 
functionality without active functionality and in particular light emission is still 
largely missing for the SiN-platform. The latter is essential for building fully on-
chip integrated systems. However, like silicon, silicon nitride is not an ideal 
material to generate light. 
In this thesis, we have developed a heterogeneous integration platform which 
combines the excellent optical emission property of colloidal QDs with the SiN 
waveguide platform. First, a passive SiN photonics waveguide platform based 
on a plasma enhanced chemical vapor deposition process has been developed 
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and demonstrated. With the optimized deposition and etching recipe, we have 
achieved low-loss waveguides with ~1 dB/cm optical loss for wavelengths 
around 900 nm.  Moreover, the colloidal QDs can be embedded in between two 
SiN layers without quenching the photoluminescence properties. With the 
optimized deposition and etching recipe, a SiN waveguide containing a layer of 
colloidal QDs in between still exhibits waveguide losses as low as ~2-3 dB/cm, 
low enough for most waveguide circuits applications. We have also 
characterized in detail the stress and material fluorescence of SiN layers 
deposited with different recipes, allowing to optimize them to different 
applications.   
The developed hybrid SiN colloidal QDs platform combines colloidal QDs 
with the SiN waveguide platform. The embedded QDs still emit light, a big step 
towards our goal of demonstrating on-chip light generation. Under femtosecond 
pulsed laser pumping, the embedded QDs show amplified spontaneous emission 
(ASE), which can be efficiently coupled to the waveguide. We have adapted the 
traditional variable stripe length (VSL) method into a waveguide based VSL 
measurement, which helps to eliminate the inherent problems of the standard 
VSL method, such as light spreading in the layer, position dependence of the out 
coupling etc. By using this improved waveguide based VSL measurement, we 
could extract the modal gain of waveguides containing embedded colloidal QDs. 
Since the waveguide geometry allows us to also calculate the mode confinement, 
with the known volume fraction from the colloidal QDs, we could also calculate 
the intrinsic material gain of the embedded compact colloidal QDs layer. The 
results are consistent with the results we got from Transient Absorption 
Spectroscopy (TAS). 
Exploiting this optical gain, we have designed, fabricated and characterized 
distributed feedback lasers based on the hybrid SiN colloidal QDs platform. The 
laser shows single mode lasing under femtosecond pulsed laser pumping with a 
lasing threshold around 12 μJ/cm
2
 @ 400 nm. To further investigate the laser 
performance, we used a Q-switched frequency doubled Nd:YAG laser (532 nm) 
with a 7 nanosecond pulse width and a 938 Hz repetition rate for pumping. The 
laser still shows lasing with a lasing threshold around 270 μJ/cm
2
. For the flash 
CdSe/CdS core/shell colloidal QDs we used for our laser, measurements 
reported in section 4.1 show these dots exhibit a 2 ns
-1
 biexciton decay rate, 
which corresponds to a 500 ps biexciton lifetime. Compared to this biexciton 
lifetime, our 7 ns pump actually can be considered as quasi-CW pumping, with 
an equivalent lasing threshold around 39 kW/cm
2
. This opens prospects in terms 
of CW operation and, consequently, an extended application potential. The 
intrinsic combination with the mature SiN-waveguide platform then 
immediately opens the path towards more complex devices such as tunable 
lasers and arrays of single mode lasers or integration with passive structures 
such as on-chip spectrometers.  
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Interestingly, colloidal QDs as solution processed materials at low cost, can 
be directly patterned onto a substrate. We have used this feature to demonstrated 
gain-coupled DFB lasers based on an optimized colloidal patterning technique. 
The laser shows single mode lasing without phase shifter in the middle of the 
laser cavity. The threshold is around 950 μJ/cm
2
 @532 nm under the pulsed 
optical pump. 
We have tried to combine colloidal nano-platelets (NPLs) with the SiN 
waveguide platform. The NPLs still show their ASE after embedding them into 
the SiN layer stacks. A material gain coefficient around 3500 cm-1 can be 
extracted from the VSL measurement. This showcases the design versatility of 
hybrid integrated photonics platforms. Our optimized hybrid SiN waveguide 
platform can potentially be used for other colloidal nano-crystals integration. 
Colloidal QDs are candidates for realizing single photon emitters operating at 
room temperature. Our developed SiN waveguide platform can also be used to 
integrate colloidal QDs to realize on-chip single photon sources. However, to 
characterize these QD based integrated single photon sources and the associated 
photonic circuits,  compact, efficient and broad-band couplers are needed to 
couple light from a chip to an objective. In this thesis, we have demonstrated the 
design, fabrication and characterization of an ultra-compact SiN grating coupler. 
The grating coupler is designed to maximize the coupling between a suspended 
SiN waveguide and a microscopy system. With the optimized parameters and 
using only 3 periods, we experimentally demonstrated a 53% coupling 
efficiency from the fundamental TE mode (@ 632.8 nm) to a microscopy system 
with 0.65 NA. 116 nm 1dB bandwidth can be theoretically achieved, due to the 
high contrast of the grating and a large collection angle from the microscopy 
system. We have tried to embed nano patches of monolayer colloidal QDs into 
the suspended waveguide. With optical pumping, the emission from the 
embedded nano patches can be well coupled to the optical mode of the 
waveguide. With the help of the grating coupler, these emissions can also be 
coupled out to the collection objective. 
In conclusion, this thesis has shown a successfully developed hybrid 
integration photonics platform, which combines the excellent optical emission 
properties of colloidal QDs with the SiN waveguide platform. Based on this 
platform, we have demonstrated hybrid laser sources with low thresholds. Work 
towards the realization of on-chip single photon sources with this platform has 
been carried out. The results demonstrate the potential to build integrated single 








1.1 Photonics integration1 
The word light is originally derived from the old English word lēoht, which 
means the power of vision. With the help of our eyes, humans are able to detect 
the existence of the light. The curiosity about how light generates and interacts 
with matter led to the development of a very ancient physical science, Optics. 
The Chinese philosopher Mozi, who lived from 470 BC to 391 BC, already 
described eight fundamental laws about optics. The founder of the School of 
Alexandria, Euclid, has also published the book called “Optics”, in around 280 
BC, which also contains the fundamental understanding of light. 
In the 19
th
 century, with the development of modern science, people started to 
get a further understanding about light: it is an electromagnetic (EM) wave, 
which has a wavelength range extending from the ultra-violet (UV) at around 50 
nm to the far infrared at around 1 mm. The detailed EM wave spectrum with the 
scale of wavelength is shown in Figure 1.1 [2].  
In 1917, Einstein elaborated on two forms of light generation when he studied 
atomic radiation. One is the spontaneous emission; the other is stimulated 
radiation generated by the induced excitation of external photons. Based on his 
                                                          
1
 This part is partly inspired by the introduction of ref [1]. 
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research, he predicted that stimulated radiation could produce monochromatic 
light with very high brightness that propagates in a certain direction. T. H. 
Maiman demonstrated the 1
st
 laser in 1960 at Hughes Research Laboratories in 
Malibu. The components and structures are presented in Figure 1.2 [3]. His 
invention experimentally demonstrated a new light source with exceptional 
coherence and brightness. 
 
Figure 1.1: A diagram of the electromagnetic spectrum, showing various 
properties across the range of frequencies and wavelengths.[2] 
 
Figure 1.2: The components of the 1st ruby laser by T.H. Maiman [4]. 
It was immediately understood that the coherence of the laser potentially 
could enable high-speed telecommunications. But was there a medium that can 
support light transmission with ultra-low loss? In 1966, British Chinese Charles 
Kao published a paper proposing the production of glass fiber using quartz, 
which can keep the propagation loss down to 20 dB/km [5]. At that time, only a 
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few people believed such a fiber could be demonstrated experimentally. In 1970, 
Corning demonstrated a silica fiber with a loss  as low as 20 dB/cm for the first 
time, with a length about 30 meters, costing around $30 million. 
 
Figure 1.3: The structure of the normal optical fiber [6]. 
With further development of the fabrication process, nowadays people can get 
fibers with loss less than 0.5dB/km for a price less than $ 5/km (Figure 1.3).  
The matured semiconductor technologies also enable us to generate and detect 
light with very efficient and compact opto-electronic devices. In 1976, Bell labs 
set up an experimental fiber circuit with LEDs as light sources, in Atlanta, 
Washington, with a transmission rate of only 45 Mb/s. This rate can support 
only hundreds of telephone calls while using a coaxial cable can transmit 1800 
telephone lines. In 1984, by using a semiconductor laser, the rate of optical fiber 
communication could reach 144 Mb/s, equivalent to 1920 telephone. In 2017, 
the newest record shows it is possible to have a transmission distance of one 
Pbit/s capacity over a single strand of optical fiber within a single optical 
amplifier bandwidth (C-band) [7]. 
With the development of semiconductor technology, microelectronics can 
realize the same functionalities as bulky devices within a micro-sized silicon 
chip. In 1972, Somekh and Yariv proposed to use semiconductor technology to 
build an on-chip platform, combining the optical functions and the electronic 
functions. In this platform, light or photons, are confined in dielectric material 
waveguides. Since electronics can be considered to describe the flow of 
electrons, the word “photonics” is used to describe the flow of photons. This 
proposal has now become a new branch of optics, called integrated photonics. 
The classical optics components, like lenses, mirrors, filters, etc., are switched 
with a new family of integrated photonics components including waveguides, 
beam splitters, gratings, couplers, polarizers, interferometers, sources, 
modulators and detectors. By combining these components as building blocks, 
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complex integrated photonics systems can be built to perform a wide range of 
functions with applications like optical communication systems, optical sensors 
etc., with much smaller dimensions compared with systems realized in bulk 
materials. A second major step forward came with the development of 
semiconductor optical devices allowing the generation and detection of light, 
which permitted very efficient and compact optoelectronic devices [1].  
1.1.1 Silicon photonics 
Silicon photonics has become one of the leading integrated photonics solutions 
that target applications such as high-performance computing [8], optical 
communications (telecom/datacom) [9], optical sensors [10] and on-chip optical 
interconnects [11]. Silicon integration platforms are usually realized with 
silicon-on-insulator (SOI) wafers, which are supported by the already matured 
complementary metal-oxide-semiconductor (CMOS) technology platform that 
has dominated the microelectronics industry during the last 40 years. 
  
 
Figure 1.4: Silicon wafer with integrated photonics circuits. Left: 400 mm 
silicon wafer; right: diced small chips. 
The SOI wafer layer stack comprises a thin layer of crystalline silicon. This 
layer of crystalline silicon is separated from the silicon substrate by a buried 
oxide (BOX) layer. SOI technology has been developed and shown impressive 
performance for passive and active functions as a mature photonics integrated 
platform during the past years. Compared to III-V materials and polymers, SOI 
has the advantage of having a high refractive index, and hence a high refractive 
index contrast with both silicon oxide and air. Therefore it can confine light in 
much smaller waveguide cross section and also makes the typical dimensions of 
the photonics circuits more compact. Moreover, as the preferred material system 
in the electronics industry, it is fully compatible with the fabrication techniques 




Figure 1.5: The energy wave vector comparison with direct bandgap 
semiconductor material and indirect bandgap semiconductor material. 
Adapted from ref [12].  
combined with electronics for richer, and more complex applications. The 
drawback is that silicon is an indirect bandgap semiconductor material (Figure 
1.4), meaning that light generation is inefficient and difficult to achieve. 
The success of silicon photonics has opened the research directions towards 
new applications with new wavelengths extending silicon material’s transparent 
window (from 1.1 μm to 4 μm), to visible and near infrared. These wavelengths 
could be relevant for several types of sensing applications. To provide a 
transparent window for visible and near infrared photonics, the field of silicon 
photonics has been broadened to include silicon nitride (SiN) as an alternative 
integrated photonics platform [13].  
 
Figure 1.6: The left picture: SEM view of a silicon photonic wire waveguides 
fabricated with the process from [14]; the right picture: SEM view of a 
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1.1.2 Silicon nitride photonics 
SiN is commonly used for masking, strain engineering and passivation in CMOS 
foundries. The material stack used for the SiN-based photonics integration 
platform is similar to that of the SOI-based photonics integration platform. The 
only difference is that the layer that forms the optical waveguide is replaced by a 
layer of SiN layer. Compared with the SOI platform, SiN platform has a wider 
transparency window, extending from the visible to the near-infrared, which 
provides possibilities to realize photonics integration applications in this 
wavelength range. The SiN platform provides lower index contrast compared 
with the SOI platform, resulting in a larger footprint for the integrated 
components. However, as we know, the waveguide propagation loss, is typically 
proportional to ∆𝑛2 [16],  
∆𝑛2 = 𝑛𝑐𝑜𝑟𝑒
2 − 𝑛𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔
2                                       (1.1) 
That means the waveguide propagation loss can be much lower due to the lower 
index contrast. A waveguide propagation loss with 0.003 dB/cm is reported in 
ref [17]. The waveguide used in this reference has a cross section size at 2.8 μm 
by 80 nm, which leads to low optical confinement. For high optical confinement 
SiN waveguide, a waveguide propagation loss at 0.37 dB/cm with 800 nm by 
800 nm in dimension has been reported in [18].  Moreover, other than the silicon 
layer on top of the SOI wafer, SiN is usually deposited with plasma enhanced 
chemical vapor deposition (PECVD) or low pressure chemical vapor deposition 
(LPCVD) systems, which provides the flexibility for choosing the substrate and 
makes 3D waveguides and 3D integration possible [19]. Besides the advantages 
mentioned above, the SiN waveguide platform also exhibits other advantages, 
e.g. the lack of two-photon absorption, temperature insensitivity and less 
distributed backscattering compared to the SOI platform.  
Applications like on-chip Raman spectroscopy [20] and biosensors [21] based 
on the SiN integration platform have been studied and demonstrated in the NIR 
and visible wavelength range. 
However, like silicon, SiN is also not a good material for light emission. 
Some early demonstrations focused on using nonlinear optics to achieve light 
generation with SiN waveguides [22]. This technique needs a high power pulsed 
laser as the pumping source, which is not very practical in the long term.    
1.1.3 Heterogeneous integration 
To solve the light generation problem, researchers have attempted to integrate 
other active materials on silicon photonics circuits. For the traditional 
datacom/telecom application of light generation (1300 nm – 1600 nm), 
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significant advances have been made by bonding active III-V chips to the top of 
silicon photonics circuits [12] [23].  
 
Figure 1.7: Bonding active III-V chips to the top of silicon photonics circuits. 
Adapted from ref [12] [23]. 
Electrically pumped III-V distributed feedback (DFB) lasers with very high 
modulation speed have been demonstrated (up to 56 Gbps) [24], which make 
them very promising coherent light sources for today’s silicon photonics 
applications in telecom/datacom wavelength range.  
Some other directions have also been explored. Techniques to directly grow 
III-V material on top of silicon have been studied and optically and electrically 
pumped lasing has been recently demonstrated [25][26].  
Colloidal quantum dots (QDs), compared with other epitaxial materials, have 
advantages in terms of costs and emission efficiency in the visible range. In this 
thesis, we aim at using the heterogeneous integration principle to explore the 
possibilities to integrate colloidal QDs as an alternative material for light 
generation on the silicon nitride platform, specifically in the visible light range.  
1.1.4 Colloidal quantum dots 
One of the defining features of semiconductors is their band gap (Eg), which 
separates the valence band and the conduction band. The wavelength of the light 
emitted by this semiconductor material and the optical absorption spectrum is 
both directly determined by the width of this special band gap feature. In 
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semiconductors with macroscopic sizes, the band gap width is a pre-determined 
parameter, which is related to the material composition and structure. However, 
band gap width is a bit different in nanometer-sized semiconductor particles 
(typical dimensions are less than 10-20 nm). In these nanometer-sized 
semiconductor particles, the band gap is not only dependent on the material 
composition and structure but also dependent on their dimensions, which are 
results of the tight spatial confinement of the electron and hole wave functions. 
This size regime in which this spatial confinement becomes dominant is named 
as the regime of quantum confinement. And the nanocrystals that show this 
spatial confinement are often referred to as quantum dots. 
 
Figure 1.8: When they are excited by ultraviolet light (pictured), colloidal 
quantum dots fluoresce at different colors depending on the particle 
size. 
Colloidal QDs are nanometer-sized semiconductor particles synthesized and 
suspended in the solution phase. While the use and application of colloidal metal 
nano-particles go back thousands of years, it is only since a few decades ago, 
with the improved nanotechnology, that people can understand, fabricate and 
engineer these nano-sized crystals at will. Ekimov et al. [27-31] Efros et al. [32-
35] and Brus et al. [36-38] were the pioneers in this field. They, for the first time, 
studied in depth these tiny crystals containing a few hundred to a few thousands 
of atoms. These tiny semiconductor clusters are still arranged on the regular 
bulk semiconductor lattice of the crystal, even though the sizes are in the 1 to 10 
nm range. Initially, glass-based nanocrystals were used to study the electronic 
and optical properties of strong quantum confinement, including the electron-
photon interactions, structure of electronic states, intra-band relaxation, 
nonlinear optical phenomena, Auger processes, and the physics of optical gain 
and lasing. The optical properties of QDs fundamentally arise from the quantum 
confinement which relate to their size and Bohr radius 𝑎B . For this analysis, 
according to the 𝑎B of the bulk exciton and ratio of the QD radius 𝑅, one can 
have three different regimes: weak confinement regime for 𝑅 > 𝑎B, intermediate 
confinement regime for 𝑅 ∼ 𝑎B, and strong confinement regime for 𝑅 < 𝑎B [31]. 
In the third case, which is the strong confinement regime case, without 
considering the Coulomb interaction between the electron and hole in the QDs, 
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the size-dependent energy gap 𝐸g(QD) (the lowest transition states) relates to the 
bulk semiconductor energy gap 𝐸𝑔(bulk) can be expressed using equation as 
𝐸g(QD) = 𝐸g(bulk) + ℏ
2𝜋2/(2𝑚∗𝑅2), where 1/𝑚∗ = 1/𝑚h + 1/𝑚e. Here the 
𝑚h and 𝑚e are the effective masses of the holes and electron, respectively [37]. 
We can have a strong size dependent blue-shifted band gap of a QD compared to 
the bulk one with the same material, based on this equation. This has been 
experimentally demonstrated, which has been nicely shown in Figure 1.9. 
 
Figure 1.9: An idealized model of electronic states in a spherical QD made of the 
same material (right) and a bulk semiconductor (left). Continuous 
bands of a bulk semiconductor with a parabolic dispersion of carrier 
kinetic energies (Ek ∝ k; k is the wave vector) in the valence and 
conduction bands (denoted VB and CB, respectively) has been 
transformed into discrete atomic-like levels in the case of the atomic-
like colloidal QD. Adapted from ref [39]. 
Eventually, to improve the optical properties of these nanocrystals, 
researchers have put more efforts in the direction of colloidal samples 
synthesis that allowed for narrower size distribution, more facile size control 
and improved surface passivation [40]. The colloidal QDs now we are using, 
usually comprise a layer of organic molecules which caps the semiconductor 
core. This organic capping not only prevents uncontrolled growth, 
agglomeration of the colloidal QDs but also allows nanocrystals to be able to 
chemically manipulate like large molecules, with solubility and chemical 
reactivity determined by surface capping groups. Additionally, “electronic” 
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passivation is provided by the capping molecules on the nanocrystal surfaces. 
This passivation helps to terminate dangling bonds, which would potentially 
act as surface traps which can deplete the excitons via rapid non-radiative 
process. 
 
Figure 1.10: Emission wavelength and sizes of colloidal QDs of different 
composition. Colloidal QDs can be synthesized using different types 
of semiconductor materials (II-VI: CdS, CdSe, CdTe; III-V: InP, InAs; 
IV-VI: PbSe) with different bulk band gap energies. The curves in the 
figure represent experimental data from the literature on the 
dependence of peak emission wavelength on colloidal QDs diameter. 
The range of emission wavelength is 400 to 1350 nm, with size 
varying from 2 to 9.5 nm (organic passivation/solubilization layeris 
not included). All spectra typically have full width at half maximum 
around 30 to 50 nm. Inset: The emission spectra for different materials 
covering from 400 nm to 1350 nm. Adapted from ref [41]. 
The colloidal synthesis has been eventually adapted for IV-VI, III-V or even 
Group IV materials. Core/shell structures with different core and/or shell 
thickness and alloyed interface can also be used to tune the properties of the 
QDs. An emission spectrum range from 400 nm to 1350 nm can be achieved by 
using different compounds and sizes, as shown in Figure 1.10 [41].  
With the improvement of the synthesis, a wide range of applications became 
within reach of colloidal QDs, such as bio-imaging, bio-labelling, photovoltaics, 




1.2 Definition of the research objective 
In this thesis, we aim to use the heterogeneous integration principle to explore 
the possibilities to integrate colloidal QDs as an active material for light 
generation on the silicon nitride platform, specifically in the visible light range.  
Colloidal QDs exhibit optical amplification and single photon emission 
properties under different optical pumping conditions. With the existence of the 
multi-exciton
2
, colloidal QDs shows optical amplification property; this can be 
used as a gain material to realize on-chip laser sources in the SiN platform. With 
the existence of the single-exciton, colloidal QDs can be a good single photon 
source, this can be used to realize on-chip single photon source in the SiN 
platform. 
The first objective of this thesis is to investigate the possibility to achieve on-
chip lasers based on colloidal QDs as the gain material. A hybrid SiN colloidal 
QDs integration platform has been developed and demonstrated. The colloidal 
QDs can be embedded between SiN films without quenching their luminescence, 
while the SiN waveguide can still maintain low optical loss. The colloidal QDs 
layer’s gain property has been characterized by a waveguide based variable 
stripe method. DFB lasers based on this hybrid SiN colloidal QDs platform have 
been designed, fabricated and characterized. The lasers show lasing under 
femto-second laser pumping and nano-second laser pumping. The relatively low 
lasing threshold shows the potential to realize on-chip continuous wave pumped 
colloidal QD laser using the same hybrid waveguide platform.   
The second objective of the thesis is to investigate the possibility to achieve 
an on-chip single photon source based on colloidal QDs. We first designed, 
fabricated and characterized an ultra-compact SiN grating coupler aiming to 
maximize the coupling efficiency between the SiN waveguide and a microscope 
system. Then we embedded a mono layer of nano-size colloidal QDs patches 
into the SiN waveguide. The emission of the colloidal QDs is coupled out 
efficiently by the optimized grating coupler. The embedded patches can be 
further reduced in size towards the single dot level and the developed process 
shows the potential to realize on-chip single photon sources based on colloidal 
QDs.  
The research was carried out in a close collaboration between the Ghent 
University Photonics Research Group (PRG) and the Physics and Chemistry of 
Nanostructures (PCN) group, which have ample expertise in respectively 
integrated photonic devices and the synthesis and characterization of colloidal 
QDs.   
                                                          
2 Single excitons gain can be possible with certain mechanism, which will be explained in 
Chapter 2.1.3  
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1.3 Thesis outline 
In this chapter, we presented the background of integrated photonics and 
semiconductor colloidal QDs. The excellent luminescent properties of colloidal 
QDs motivated us to combine colloidal QDs with the SiN photonics integration 
platform. 
In Chapter 2, we will introduce the detailed background of the colloidal QDs 
as novel emitting materials. In the first part of this chapter, we will introduce the 
detail of the gain properties of colloidal QDs. Then we will also introduce the 
potential of using colloidal QDs as single photon sources. 
In Chapter 3, we will show the information about the development of the 
hybrid SiN colloidal QDs integration platform. The different SiN layer 
deposition details will be presented. The waveguide loss with and without the 
colloidal QDs will be shown. The SiN layer stress for different deposition 
recipes will be presented. The luminescence of the SiN material itself for 
different deposition recipe will also be compared. 
In Chapter 4, we present the work using colloidal QDs as gain material. The 
gain coefficient of the embedded colloidal QDs will be first measured using a 
waveguide-based variable stripe length methods. Later, a DFB based laser is 
designed, fabricated and characterized. The laser shows a quasi-continuous-
wave (CW) pump threshold around 39 kW/cm
2
. This measured threshold is at 
the same level as that of III-V semiconductor lasers epitaxially grown on silicon.
 
This opens strong prospects in terms of CW operation and, consequently, 
application potential. We also present the design, fabrication and 
characterization of a gain coupled DFB laser based on colloidal QDs. At the end 
of this chapter, we also show that this hybrid SiN colloidal QDs integration 
platform can potentially also be used for a new class of solution processed 
nanomaterials, i.e. nano-platelets.  
In Chapter 5, we present our work on the integration of patches of mono layer 
colloidal QDs in a SiN waveguide aiming to demonstrate on-chip single photon 
sources. In the first part, the design, fabrication and characterization of an ultra-
compact grating coupler optimized for use in a microscopy system is presented. 
The grating coupler is aiming to maximize the coupling efficiency from the 
optical mode of the waveguide to a microscopy system with certain numerical 
aperture. The experiment shows up to 53% coupling efficiency to a NA= 0.65 
microscopy system has been demonstrated. Simulations show this efficiency can 
increase up to 75% for NA = 0.95. In the second part, we embedded patches of 
monolayer colloidal QDs into the waveguide. The emission can be well coupled 
to the waveguide and coupled out by the optimized compact grating coupler. In 
combination with the earlier developed single colloidal QD patterning technique 
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[42], this shows this hybrid integration platform has the potential to realize 
single photon sources. 
Finally, Chapter 6 summarizes the work presented in this thesis and discusses 
proposals for further work. 
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Colloidal quantum dots 




2.1 Colloidal quantum dot as gain material 
Lasers made from bulk semiconductor materials were first demonstrated around 
the 1960s [1-2]. They have now found a very wide range of use that includes 
fiber optic communications, barcode readers, laser pointers, CD/DVD/Blu-ray 
Disc reading and recording, laser printing, etc. With the development of the 
laser diode (Figure 2.1), lasing performance has been improved with the 
introduction of so-called quantum well lasers [3].  
In these 2D-gain materials, which are different from traditional bulk 
semiconductors, the charge carriers (electrons and holes) are confined in a 2D 
plane (as shown in Figure 2.2). A step-like density of the electronic state is 
provided by this 2D planar confinement, which is nonzero at the band-edge. 
This step-like density leads to a higher concentration of carriers that contribute 
to the band-edge emission, resulting in lower threshold levels.  
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Figure 2.1: Left: a packaged laser diode shown with a USD penny for scale. 
Right: the laser diode ship is removed from the above package and 
placed on the eye of a needle for scale [4]. 
The 2D planar confinement also improves the temperature stability and results 
in a narrower emission line. 
 
Figure 2.2: The energy-band structure of InP-based metamorphic type-I QW 
laser. The injection directions of electrons and holes are indicated. 
Adapted from [5]. 
In the case of QDs with around 10 nanometers in diameter, there is 
confinement in all three dimensions for the charge carriers. As a result, the 
electrons exhibit a discrete atomic-like energy spectrum, which comes from the 
quantum confinement. With the help of quantum confinement, the spacing 
between these discrete atomic-like states in small QDs is much larger than the 
available thermal energy. Thus the thermal depopulation of the lowest electronic 
states is inhibited. This effect can help to achieve a temperature insensitive 
optical gain, which is at an excitation level just above one electron-hole (e-h) 
pair per dot on average in the simple model of 2-fold degenerate band-edge 
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states. This advantage was expected to result in lasing performance superior to 
that of bulk semiconductors [6]. 
2.1.1  Colloidal quantum dot optical gain 
An optically pumped colloidal QDs lasing device was first reported in 1991 with 
relatively large (around 10 nm) CdSe QDs. With this remarkable result, 
researchers realized lasing using epitaxial QDs under the optical and electrical 
pump in 1994 [7]. Further improvements have shown record-low lasing 
threshold (in terms of driving current) based on the epitaxial QDs [8-10]. A 
comparison of calculated maximum gain for bulk, 2D (film), 1D (wire) and 0D 
(box) gain materials is shown in Figure 2.3, from ref [6]. This result shows the 
potential of QDs based lasers to surpass quantum well and bulk lasers regarding 
the threshold current.  
  
Figure 2.3:   Calculated maximum gain as a function of injection current density 
for the GaAs/Ga0.8Al0.2As quantum box (i.e., QD), quantum wire, 
quantum film (i.e., quantum well), and bulk crystal (conventional 
double heterostructure). Dashed lines mark the lasing threshold for 
each material. Adapted from ref [6].  
These benefits provided by quantum confinement give strong motivation to 
use colloidal QDs as the gain media for the lasing applications. In this quantum 
confinement regime, the electronic levels spacing can exceed hundreds of meV, 
as mentioned in the last section, which is considerably larger than the room 
temperature thermal energy (~24 meV). This unique feature can potentially 
guarantee superior temperature stability. Another additional feature coming with 
the quantum confinement is the prospect of wide range tunability regarding the 
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emission spectrum. In principle, the emission can be tuned in the order of 1 eV, 
achieving using a single material system through controlling the size of the 
colloidal QDs [11]. 
Nevertheless, after more than ten years of research, except for some reports of 
the existence of the optical gain [12-13], colloidal QDs failed to demonstrate 
lasing. Originally this failure was attributed to high non-radiative carrier losses 
due to trapping states at the colloidal QDs’ surface, which comes from the large 
surface-to-volume ratio for these sub 10 nm particles. Another potential 
explanation considered was the greatly reduced electron-photon interactions 
efficiency in these small nano-particles [14-15]. The probability of phonon-
assisted processes, which is required to fulfil the energy conservation for the 
electron-hole pairs to recombine, is dramatically reduced in these small nano-
particles, compared with the case of quasi-continuous spectra of bulk materials. 
This phenomenon was believed to lead to a lower rate of carrier cooling by the 
help of phonon emission (known as the “phonon bottleneck”), which further 
leads to reduced PL efficiencies. 
However, the effects related to carrier surface trapping and the “phonon 
bottleneck” turned out to be much less serious compared to the initially largely 
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Figure 2.4: Scheme of Auger effects. (A) Auger relaxation effect of a biexciton 
into a neutral QD. The remaining excited carrier is in a higher state 
but still confined in the same neutral QD. (A’)Auto-ionization effect 
of a neutral QD by Auger process. The electron is excited out of the 
QD. (B) Auger relaxation effect of a biexciton in an ionized QD. 
Adapted from ref [17]. 
As shown in Figure 2.4 [17], a rapid relaxation attributed to an Auger-type 
mechanism [18] was later found to be dominant in colloidal QDs. This 
relaxation is extremely fast compared with the radiative lifetime and happens on 
a picosecond to sub-picosecond time scale [19-21]. During this Auger relaxation, 
a hole can get the excess electron energy and fast relaxes through the valence 
band dense spectrum. Alternatively, the excess electron energy can ionize the 
QDs. All these fast Auger processes lead to the quenching of biexcitons or other 
multiexcitons, which are essential for achieving optical gain in most colloidal 
QDs. 
2.1.2 Single exciton gain 
As analyzed in the last section, the fast non-radiative Auger recombination 
quenching the biexcitons and multiexcitons is the main obstacle to realize lasing 
application using colloidal QDs. However, a practical approach to avoid the 
involvement of Auger recombination is achieving optical gain without the 
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existence of the biexcitons or multiexcitons at all, i.e., achieving optical gain 
using single excitons. This idea was triggered by the “giant” exciton-exciton 
repulsion from the type II hetero nanocrystals, in which the heterojunction of the 
core/shell structure band alignment has a staggering gap. This idea was first 
introduced and discussed in 2004 in reference [22]. In this paper, the authors 
described and analyzed the concept to realize single excitons optical gain with 
optimized core and shell dimensions to reach a type II band alignment. They 
also experimentally observed exciton-exciton repulsion, which can be seen from 
the ASE spectrum. Three years later, more detailed results for type-II 
CdTe/CdSe QDs with exciton-exciton repulsion energy up to ~ 30 meV were 
reported [23]. ASE originating from single excitons was successfully 
demonstrated experimentally using specially designed type-II CdS/ZnSe QDs in 
2007 [24]. 
The basic concept of single exciton optical gain is illustrated in Figure 2.5, 
with the existence of large exciton-exciton repulsion. The absorption and 
stimulated emission in the colloidal QD can be different with the absence (a) 
and the presence (b) of the exciton-exciton interaction. Without the presence of 
the exciton-exciton interaction, the single exciton cannot result in optical gain 
but only in optical transparency (Figure 2.5(a)), since the stimulated emission 
from the electron in the conduction band is exactly balanced by the absorption 
associated with the electron in the valence-band. With the existence of the 
exciton-exciton interaction, this balance can be broken. The presence of the first 
exciton can create an effective electric field, which leads to a Stark shift of the 
second exciton transition bandgap [24]. This exciton-exciton interaction, mainly 
coming from the effect of Coulomb interactions between excitons, can be 
negative or positive, which is depending on the sign of the exciton-exciton 
interaction energy ( ∆𝑥𝑥 ). This leads to a slight difference in terms of the 
transition bandgap between the single exciton and biexciton, and this modified 
transition bandgap  can be expressed as: 
𝐸𝑔,𝑥𝑥 = 𝐸𝑔,𝑥 + ∆𝑥𝑥                                                     (2.1) 
If the exciton-exciton has repulsion interaction, ∆𝑥𝑥 > 0 (Figure 2.5(b)), this 
shifts the absorbing transition upwards in energy, which can be beneficial for a 
lasing application. If the ∆𝑥𝑥  is larger than the emission line width, the single 
optical gain can be achieved, without the involvement of biexcitons and 
multiexcitons. For standard core only and type-I thin-shell colloidal QDs, 
exciton-exciton attraction is the case (∆𝑥𝑥< 0), hence single exciton gain cannot 
be observed. For type-II heterostructure colloidal QDs, the electrons and holes 
are separated between the core and shell. With the existence of a biexciton, the 
electrons and holes are separated because of the band alignment. They have to 
share the same part of the colloidal QDs structure, and the repulsive interaction 
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is enhanced. The net results can lead to repulsion  ∆𝑥𝑥  up to the order of 10 or 
even 100 of meV [23-26]. 
 
Figure 2.5: Scheme of simplified 2 fold model. (a) The transparency situation 
when there is no exciton−exciton interactions. The single exciton 
(electron−hole pair) in a QD results in optical transparency. (b) With 
the presence of exciton−exciton interactions, the second absorption 
event transition is displaced with an energy shift ∆𝑥𝑥  from that 
whereby the original electron−hole pair. A stark shift is created by the 
first electron−hole pair. The balance between stimulated emission and 
absorption becomes broken; hence the lasing can occur with the help 
of this shift. Adapted from ref [24]  
To further quantify the onset of the single excitons optical gain, based on the 
analysis above, the authors in reference [24] assume that the transition energy 
for |X⟩ − |XX⟩  is different from that of the |0⟩ − |X⟩ , which comes from the 
exciton-exciton interaction. The authors built a simplified model, which 
considered ∆𝑥𝑥  is greater than the transition line width. Under this assumption, 
absorption that creates a biexciton (|X⟩ − |XX⟩ transition) does not interfere with 
stimulated emission creates by the single exciton (|X⟩ − |0⟩ transition) and vice 
versa [24]. In this case, the optical gain splits into single exciton and biexciton 
bands. The two bands are separated by ∆𝑥𝑥  and having two different gain 
thresholds. 
To quantify the single-exciton gain, they only considered the two lowest 
states in (|0⟩ and |X⟩) and assume that the colloidal QDs only have two states: 
with or without single exciton, which can be translated to the probabilities 𝑃0  
and 𝑃𝑥 that are restricted by the condition 𝑃0 + 𝑃𝑥 = 1. The single exciton gain 












𝑛𝑄𝐷(5𝑃𝑥 − 4)                   (2.2) 
Where 𝑛  is the index of the colloidal QDs; 𝛾  is the Einstein coefficient of 
stimulated emission; 𝑛𝑄𝐷 is the concentration of the colloidal QDs in the sample. 
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Eq. 2.2 indicates that the optical gain can be achieved when 𝑃𝑥  = 4/5, which 
also illustrates the threshold average QD occupancy: 〈𝑁𝑔〉 = 𝑃𝑥 = 4/5. Since 
〈𝑁𝑔〉 is less than 1, the lasing action can be obtained with only the existence of 
single excitons.  From Eq. 2.2, we can also get the single exciton saturation gain 






𝑛𝑄𝐷                                                      (2.3) 
This equation indicates that 𝐺0,𝑥  is about four times lower than the saturated 
biexciton gain (see section 2.1.2). However, single-exciton-gain has the 
advantage in term of a longer lifetime despite being smaller in magnitude. Its 
relaxation is controlled by fairly slow single-exciton recombination without the 
existence of the fast Auger lifetime. In reference [24], from experimental data, 
the lifetime of the single exciton gain was found to be considerably longer than 
the biexciton lifetime (𝜏𝑥 = 1.7 𝑛𝑠  versus 𝜏𝑥𝑥 = 210 ps). This single-exciton 
gain mechanism can help us to realize CW pump lasing because the threshold 
pump intensity scales as the inverse of the gain lifetime. It might be possible to 
reduce the CW lasing threshold by a factor of ca. 100−1000 (defined by the ratio 
of single exciton lifetime 𝜏𝑥  and biexciton lifetime 𝜏𝑥𝑥, see section 2.1.4), if we 
use the strategy for standard CdSe QDs. Nevertheless, in practice, it has been 
proven to be challenging to reach gain from type II colloidal QDs. The 
simplified model only considers a small broadening of the optical transition, 
which is usually not the case due to the size dispersion from the synthesis of the 
QDs. Furthermore, the type II band structure tends to push the holes to the shell 
and defects at the shell surface will quench the optical gain. Therefore, thus far, 
most work toward lasing in this thesis has forcused on increasing the biexciton 
lifetime of type I CQDs to obtain biexciton gain, as discussed in the next section.  
2.1.3 Biexciton gain 
As already discussed in the previous section, biexciton gain is hampered by fast 
non-radiative Auger recombination [16]. To better analyze this problem, we will 
approximate the lowest-energy “emitting” transition in the QDs by a simple 2-
fold, spin-degenerate, two-level system, as introduced in reference [24]. In the 
ground state of this system, two electrons stay in the valence band level with 
opposite spin direction (Figure 2.6 left). In the case one electron is pumped to 
the conduction band level; the single exciton state does not produce optical gain 
but optical transparency (Figure 2.6, middle). Biexcitons or higher order 
multiexcitons are needed to realize an optical gain in this circumstance, as 
illustrated in Figure 2.6 right. However, multiexcitons in colloidal QDs are 
subject to highly efficient Auger recombination, which depletes the optical gain 
quickly.  
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Figure 2.6: Simplified scheme for three different interaction regimes of a 
semiconductor colloidal QD with a photon resonant with the band-
edge transition. It has a 2-fold spin-degenerate conduction-band (CB) 
and valence-band (VB) levels. Adapted from [24] 
With the existence of fast Auger recombination, two factors were crucial for 
the first demonstrations of biexciton optical gain. One is using densely packed 
QD films, which have much larger gain coefficients. This was first realized in 
ref [27]. The high gain coefficients from the densely packed film help to out 
compete the Auger process loss. Another useful method, which is still widely 
used now to help to demonstrate and analyze optical amplification from 
colloidal QDs in the lab, is the use of femtosecond high power optical pulses to 
excite the colloidal QDs samples. The carrier losses due to Auger recombination 
can be minimized with this technique at the pump stage. Soon after the proof of 
principle, research groups were able to demonstrate lasing from colloidal QDs 
using different optical cavity designs [28-31]. In the remainder of this section, a 
more in-depth analysis of principles of colloidal QDs biexciton lasing with the 
presence of fast Auger recombination is provided (adapted from ref [32]).  
To analyze optical gain and the lasing threshold for a given configuration, the 
simplified model from Figure 2.6 is updated to show the different degeneracies 
of the ground (|0⟩), single exciton (|X⟩), and biexciton (|XX⟩) states derived from 
the difference in their spin configurations, as illustrated in reference [32]. Figure 
2.7(a) shows the modified model, where these three states are placed along a 
vertical “energy” axis. In the ground state |0⟩ in Figure 2.7(a), both valence-
band spin sublevels are occupied with electrons; leads to a nondegenerate state. 
The biexciton state |XX⟩  is also nondegenerate as it contains two occupied 
conduct  band spin sublevels. The single exciton state |X⟩, on the other hand, is 
four fold degenerate due to the four different spin configurations, as illustrated 
in Figure 2.7(a). From the optical selection rules, we can derive only two of 
these configurations are optically active. In the model from reference [32], it is 
assumed that all of these configurations are in mutual thermal equilibrium, 
which means only half of the single excitons are optically active. With the above 
assumptions, we can express the per-dot rate of stimulated emission due to the 
transition from the single exciton to the ground state as: 




) 𝜙                                                      (2.4)  
  
Figure 2.7: (a) The quasi-three-state model of optical gain in QDs, which 
comprises a nondegenerate ground state (|0⟩, bottom), a four-fold 
degenerate single-exciton state, (|X⟩, middle) and a nondegenerate 
biexciton state (|XX⟩, top). (b) A quasi-three-level transition scheme 
with photon absorption (up arrows) and stimulated emission (down 
arrows). The rates of different transitions are indicated in the figure 
(per unit photon density); γ is the transition probability per single 
spin-allowed transition (shown by black arrows in panel a). Adapted 
from ref [32]. 
In Figure 2.7b, where ϕ represents the density of photons accumulated in the 
optical cavity mode, and γ is a parameter proportional to the oscillator strength 
of the individual transition (shown by black arrows in Figure 2.7a), equivalent to 
the well-known Einstein coefficient of stimulated emission. The transition from 
the |X⟩ to the |XX⟩ state via absorption of a photon can be expressed as: 





)𝜙                                                      (2.5)  
This equation implies that the single excitons provide zero net contribution for 
optical gain as we discussed in the previous section. Thus, the only source that 
can contribute to the optical gain in this system is stimulated emission by 
biexcitons ( |XX⟩ − |X⟩  transition), which competes with photon losses from 
absorption due to the |0⟩−|X⟩ transition (Figure 2.7b). For these two transitions, 
the per-dot rates are equal and can be expressed as follow:  
𝑊21 = 𝑊01 = 2𝛾𝜙                                               (2.6)  
From the above analysis, we can conclude the ratio for the emission rates by 
biexcitons and single excitons is 4 to 1 (Eq. 2.5 and Eq. 2.6), which is consistent 
with the quadratic scaling of radiative rates with exciton multiplicity typically 
observed for QDs of various compositions [33-35]. To characterize the 
behaviour of an excited QD with biexciton, we can restrict the probabilities 𝑃0 
(the ground), 𝑃𝑥  (single-exciton) and 𝑃𝑥𝑥  (biexciton) states by the condition :  
𝑃0 + 𝑃𝑥 + 𝑃𝑥𝑥 = 1 . In this case, the net rate of photon generation per unit 
volume equation can be expressed as: 
𝑟𝑠𝑒 = 𝑛𝑄𝐷(𝑊21 − 𝑊01) = 2𝛾𝑛𝑄𝐷(𝑃𝑥𝑥 − 𝑃0)                       (2.7)  
where 𝑛𝑄𝐷  is the concentration of the QDs in the sample. This leads to another 







𝛾𝑛𝑄𝐷𝜌 = 𝐺0𝜌                                     (2.8)  
where c is the speed of light in vacuum, n is the index of the colloidal QD 
sample, 𝜌 is the per QD population inversion, which can be expressed as: 
𝜌 = 𝑃𝑥𝑥 − 𝑃0                                                 (2.9)  




𝛾𝑛𝑄𝐷                                                (2.10)  
which corresponds to the complete population inversion when all QDs are in the 
biexciton states. 
Using the concept introduced above, we can write down coupled colloidal 
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                                                    (2.13) 
d𝜙
d𝑡
= −2𝛾𝜙𝑛𝑄𝐷(𝑃𝑥𝑥 − 𝑃0) −
𝜙
𝜏𝑐
                                                    (2.14) 
The time constants 𝜏𝑥 , 𝜏𝑥𝑥  and 𝜏𝑐  are the single-exciton, biexciton, and the 
cavity photon lifetimes, respectively. The Eq. 2.14 only accounts the photons 
generated via stimulated emission and accumulate into the optical cavity mode. 
In principle, using a separate rate equation to account for photons produced by 
spontaneous emission is possible. However, we can disregard these photons 
since they do not accumulate in the optical cavity and they do not affect the 
carrier dynamics, which is a common approach when builds kinetic equations.  
The average QD occupancy ⟨𝑁∗⟩ is limited to 2 in this three-state model. The 
average occupancy can be expressed as ⟨𝑁∗⟩ = 𝑃𝑥 + 2𝑃𝑥𝑥 = 1 + 𝜌. Here, we 
consider the situation of a Poisson distribution for the carrier populations across 
the colloidal QD ensemble, which is typically realized using short pulses to have 
the above band gap excitation of the sample [36]. In this case, the probability of 
having N excitons in a QD can be expressed as: 
𝑝𝑁 = ⟨𝑁⟩
𝑁(𝑁!)−1𝑒−⟨𝑁⟩                                      (2.15) 
where ⟨𝑁⟩ = ∑ 𝑖𝑝𝑖
∞
𝑖=1  represents the average QD excitation occupancy [32]. In 2 
fold degenerate emitting states QDs, the multiexciton contribution to the band 
edge optical gain is independent of its order and we can consider the same as a 
biexciton. As a result, the true average QD occupancy can be expressed as: 
⟨𝑁∗⟩ = 2 − 𝑒−⟨𝑁⟩(2 + ⟨𝑁⟩)                                   (2.16) 
Here, by using Poisson probabilities in the expression for the optical gain onset 
(𝑃𝑥𝑥 − 𝑃0 = 0, ⟨𝑁
∗⟩ = 1 ), we can obtain the true average occupancy for the gain 
threshold. This onset value can be found by solving the equation: 
⟨𝑁𝑔⟩ + 2 = 𝑒
⟨𝑁𝑔⟩                                               (2.17) 
Where we can have ⟨𝑁𝑔⟩ ≈ 1.15. 
2.1.4 Biexciton lasing threshold analysis 
From the analysis of the last section, we estimated that for pulsed pumping, the 
gain onset (threshold) is defined by the condition ⟨𝑁𝑔⟩  ~ 1.15. The 
corresponding gain onset threshold for the per pulse photon fluence (𝑗𝑔) can be 
simply estimated by ⟨𝑁𝑔⟩ = 𝑗𝑔𝜎 ≈ 1.15 (𝜎 is the QD’s absorption cross section), 
which yields 𝑗𝑔 ≈ 1.15/𝜎  . 𝜎  is at the order  10
−15  cm
2 
for common CdSe 
colloidal QDs. We can estimate 𝑗𝑔  is at the order of 10
15  photons per cm
2
, 
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which corresponds to a per pulse energy fluence 𝑤𝑔 , of the order of 0.1-1 
mJ/cm
2
, depending on the different excitation wavelength. 
However, experimental studies show that the pump power densities are at the 
order of a few to a few hundreds of mJ/cm
2
 for the ASE onset and the lasing 
regime for the standard colloidal QDs [24], which is much larger than the one 
derived from the above theoretical analysis. This is usually tributed to the 
existence of the fast Auger recombination from the QDs. To achieve ASE and 
lasing, the optical gain has to reach a higher value not only sufficient to 
compensate the optical losses in the cavity but also has to be sufficiently large 
enough to outcompete the Auger recombination. 
For further use in chapter 4, we analyze the lasing threshold in case of CW 
excitation. To analyze the steady state situation, we add in Eq. 2.11-2.13 with 
the steady-state carrier generation term 𝐽𝜎 (here 𝐽 is the CW pumping intensity 
expressed in term of the photon flux). All the time derivatives have been set to 
zero [d(…)/dt = 0]. In the sub-threshold regime, we can assume there is no 
photon in the lasing cavity mode, hence 𝜙 = 0. Under the conditions mentioned 
above, the kinetic Eq. 2.11-2.13 from the last section can be rewritten into: 
𝑃𝑥
𝜏𝑥











= 0                                                           (2.20) 
To link 𝑃0, 𝑃𝑥, 𝑃𝑥𝑥 we add also: 
𝑃0 + 𝑃𝑥 + 𝑃𝑥𝑥 = 1                                                   (2.21) 
Then we can derive: 
𝑃𝑥 =
𝐽𝜎𝜏𝑥𝜏𝑥𝑥
1 + 𝐽𝜎𝜏𝑥 + (𝐽𝜎)
2𝜏𝑥𝜏𝑥𝑥
                                    (2.22) 
𝑃𝑥𝑥 =
(𝐽𝜎)2𝜏𝑥𝜏𝑥𝑥
1 + 𝐽𝜎𝜏𝑥 + (𝐽𝜎)
2𝜏𝑥𝜏𝑥𝑥
                                    (2.23) 
Since we have: 
⟨𝑁∗⟩ = 0 ∙ 𝑃0 + 1 ∙ 𝑃𝑥 + 2 ∙ 𝑃𝑥𝑥                              (2.24) 





1 + 𝐽𝜎𝜏𝑥 + (𝐽𝜎)
2𝜏𝑥𝜏𝑥𝑥
                                (2.25) 
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Using this expression, we can link the QD occupancy ⟨𝑁∗⟩  with the CW 
pumping flunce. To further investigate the influence of Auger recombination (or 
Auger lifetime) to the CW pumping lasing threshold, we will make some 
reasonable assumptions and plot the lasing threshold pumping flux 𝐽𝑙𝑎𝑠  as a 
function of the biexciton lifetime 𝜏𝑥𝑥 (Fig. 2.8). 
We thereby assume the single exciton lifetime is purely radiative, leading to 
𝜏𝑥 = 𝜏𝑟,𝑥 . The biexciton decay is the combination result with both radiative 
recombination (𝜏𝑟,𝑥𝑥) and the nonradiative Auger process (𝜏𝐴,𝑥𝑥). The overall 




                                            (2.26) 
 
Figure 2.8: The plot of the CW lasing threshold 𝐽𝑙𝑎𝑠 as a function of 𝜏𝑥𝑥 . The 
different colors indicate different cavity photon lifetime: 𝜏𝑐 = 1 ns 
(black squares), 0.1 ns (red circles), 0.01 ns (green triangles), 0.005 ns 
(blue diamonds), 0.002 ns (magenta pentagons), and 0.001 ns (brown 
hexagons). The pump wavelength is 400 nm. Adapted from ref [32]. 
Here, we assume that the radiative rate exhibits a quadratic scaling with exciton 
multiplicity, which yields 𝜏𝑟,𝑥𝑥 = 𝜏𝑥/4 = 𝜏𝑟,𝑥/4 [32]. In the plot, we assume the 
absorption cross section 𝜎  of the colloidal QDs to be 10−15  cm2. The single 
exciton lifetime 𝜏𝑥 = 𝜏𝑟,𝑥 = 50 𝑛𝑠 , the biexciton radiative lifetime to be 
𝜏𝑟,𝑥𝑥 = 12.5 𝑛𝑠 [32]. By using the assumed numbers above, with Eq. 2.25, we 
can have plot the CW lasing threshold 𝐽𝑙𝑎𝑠  as a function of 𝜏𝑥𝑥  with different 
cavity photon lifetime, which is adapted from ref [32]. 
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From the plot, we can observe a rapid increase in the threshold intensity with 
a decreasing biexciton lifetime. The incensement of 𝐽𝑙𝑎𝑠 is not that much in the 
large value region of the biexciton lifetime (1-10 ns). But as the biexciton 
lifetime becomes smaller, in the small value region (<1 ns), where the Auger 
recombination process kicks in and dominates, the 𝐽𝑙𝑎𝑠  becomes progressively 
steeper. For example, in the case of an ideal optical cavity with low optical 
cavity loss (𝜏𝑐= 1 ns, black squares in the plot), the change of 𝜏𝑥𝑥 from 1 ns to 




to 106  W/cm2. It is obvious that to achieve a CW lasing with a 𝜏𝑥𝑥  = 50 ps 
biexciton lifetime is practically not possible due to the very high pumping 
intensity of 106 W/cm2. On the other hand, a suppressed Auger process, which 
leads to a longer biexciton lifetime, might make CW lasing from a colloidal QDs 
device possible. 
Because Auger lifetime scales in direct proportion to the QDs volume, the use 
of larger QDs is expected to lower the lasing threshold. Experimental results 
indicate that using large volume QDs can indeed help to suppress the Auger 
process, as shown for example for thick-shell “giant” CdS/CdSe QDs or large-
size nonspherical nanostructures such as nanorods [37, 38], tetrapods [39], or 
nanoplatelets [40]. Another way to suppress the Auger process is to use alloyed 
interface core-shell QDs. These types of QDs have grading and smoothing of the 
confinement potential, which reduces the intraband transition involved in Auger 
recombination [32]. 
Microsecond-sustained lasing from colloidal QDs was first reported in [41]. 
In this paper, the authors employed inorganic-halide-capped QDs exhibit high 
modal gain. With the help of this inorganic halide and a thermally conductive 
MgF2 substrate, they have managed to reduce the heating problem and have 
demonstrated lasing with pump pulse duration of 0.4 μs and peak power of ~ 50 
kW/cm
2
 @ 355 nm. More recent work from the same group has demonstrated a 
CW pumped laser using colloidal QDs [42]. In this work, they have used 
biaxially strained colloidal QDs. These QDs have further suppressed Auger 
recombination, which can be better for low threshold lasing as derived above. 
Combined with better thermal management, they have demonstrated a photonics 
crystal distributed feedback (PhC-DFB) type laser CW lasing with a threshold ~ 
8 kW/cm
2
 @ 441 nm.  
In our work, we used so-called flash- CdSe/CdS QDs, which are synthesized 
using a seeded growth approach that yields thick shell CdSe/CdS QDs in a fast 
and simple process [43]. Such QDs feature an alloyed CdSe/CdS interface, 
which helps to reduce strain and slow down non-radiative Auger recombination 
of multi-excitons. This Auger process suppression will be helpful for the lasing 
applications as shown in chapter 4. 
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2.2 Colloidal quantum dots as single photon emitters 
The progress of the last decades in miniaturization of electronic components 
allowed reducing the size of, e.g. central processing units (CPUs) while 
increasing at the same time its computational power. However, quantum 
mechanics tells us that there is a limitation to further decreasing the size of the 
transistors, the tiny “cell” from which the CPU is built up. Therefore, a different 
kind of hardware strategy has become more interesting: a machine that exploits 
quantum theory more directly, to simulate nature, as suggested by Prof. R.P. 
Feynman. This is the purpose of quantum computation and quantum 
communication, aiming to use the principle of quantum mechanics to 
manipulate and exchange information between parties. The main advantage of 
quantum computation is the introduction of the superposition principle, which 
allows the introduction of the concept of a qubit. 
A single photon source is a key component to realize qubits for quantum 
computation and quantum communication. Here, the second-order intensity 





                                    (2.27) 
Here the 𝐼(𝑡) represents the light intensity at time t, where ⟨⋅⟩ represents the 
time average. From an experimental point of view, we can also use the number 
of counts 𝑛(𝑡) registered to a photon counting detector to represent the beam 
intensity, since 𝑛(𝑡)  is proportional to the intensity of the impinging beam 𝐼(𝑡). 




                                    (2.28) 
We can consider 𝑔(2)(𝜏) as a quantitative answer to the following question: If 
one has already detected a photon at time 𝑡, what is the probability to detect 
another photon at time  𝑡 + 𝜏? Or more generally, if one has detected n photons 
at time 𝑡, what is the probability to detect another n photons at time 𝑡 + 𝜏 [45]? 
For coherent light, e.g. the beam from a laser source, the number of photon in 
the laser beam per time duration is proportional to the intensity of the laser beam. 
The intensity of a  laser output beam is usually a constant. The number of counts 
at times 𝑡 and  𝑡 + 𝜏 should be the same, hence 𝑔(2)(𝜏) = 1 for any 𝜏 [45]. 
A very important value is 𝑔(2)(0). This function answers this question: how 
often one can detect two photons at times very close to each other? Or what is 
the possibility to detect 2 photons at one time. This  𝑔(2)(0) value gives the 
probability of multiphoton emission events. For coherent light, like a laser, as 
we analyzed above,  𝑔(2)(0) = 1. For classical sources, like chaotic light, the 
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beam has intensity fluctuations and therefore a tendency to detect multiphoton 
events [45]. This leads to a result of 𝑔(2)(0) > 1. It can be shown that for 
classical light sources always have 𝑔(2)(0) ≥ 𝑔(2)(𝜏) ≥ 1 [45]. That means the 
antibunched light is not possible for this kind of light sources. 
But for quantum emitters, like single photon sources, antibunched light can be 
generated. The single photon source should emit individual photons at intervals 
[46]. A solitary quantum emitter is usually used to generate the single photon. 
Theoretically, there are lots of options, e.g. a trapped atom or ion, a nitrogen-
vacancy center or a QD [46]. The deterministic emission from the single photon 
source is usually triggered by periodic electronic or optical excitation to obtain 
outputs [46]. A highly efficient polarized emission from the single photon 
source which can be coupled to a well-defined spatial optical mode is also 
desired for ideal emitters [46]. 
 For an ideal single photon source, 𝑔(2)(0) = 0, which is greatly reduced in 
comparison to classical light sources and coherent light sources. For practical 
quantum computation and quantum communication use, indistinguishable single 
photons are preferred. The indistinguishableness means that there is no 
dephasing between the emitted photons. This can be determined by evaluating 
the quantity 2𝜏𝑠/𝜏𝑐 [46]. Here 𝜏𝑐 is the coherence time, which can be measured 
via the coherence length 𝑙𝑐. 𝜏𝑠 is the source emitter’s lifetime. No dephasing of 
the emitted photons for ideal single photon sources, hence results in  2𝜏𝑠/𝜏𝑐 = 1, 
meaning that the emitted photons from the source are fully indistinguishable. 
This can be quantified further through the two photon quantum interference 
measurement [46]. 
To check the quality of the single photon emission, an anti-bunching 
measurement is performed, using a so-called Hanbury Brown-Twiss set-up. The 
schematic diagram of the setup is shown in Figure 2.9(a) [47]. The incoming 
signals are split into two beams with a 50/50 beam splitter. There are two 
sensitive single-photon detectors to capture these two beams. The outputs of the 
detectors are connected to a Time-Correlated Single Photon Counting (TCSPC) 
unit. The TCSPC unit will repeatedly measure the signals from the two detector 
and show the time correlated data. The anti-bunched measurement can be 
performed with pulsed or CW excitation. Under the pulsed excitation, the 
typical time-correlated result from an anti-bunched source shows the individual 
pulses spaced by the excitation pulse period. The data will have a reduced or 
missing pulse at the correlation time difference of zero corresponding with 
different 𝑔(2)(0) values of the single photon source. Under CW excitation, the 
typical time-correlated result from an anti-bunched source shows a flat line at 
none zero region. There should be a notable “intensity dip” at the time 
difference of zero. Figure 2.9(b) shows the correlation amplitude measurement 
of a single photon source with CW (blue) and pulsed (red) excitation [47]. To 
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time tag the absolute arrival time of all the detected photons is another way to 
characterize the anti-bunching signal, which needs complicated correlation 
algorithm to realize that. This approach is not commonly used in the 
applications [47]. 
 
Figure 2.9: Hanbury Brown-Twiss interferometer set-up. (a) The schematic of the 
setup. (b) The correlation amplitude measurement results of a single 
photon source by using the Hanbury Brown-Twiss interferometer set-up. 
The blue curve is the result of CW excitation; the red curve is the result 
of pulsed excitation. Adapted from ref [47] 
Colloidal QDs and other nanocrystals [48] as quantum emitters provide 
potential as a single photon emitter. As already extensively introduced above, 
colloidal QDs synthesis makes it possible to not only tune the emission 
wavelength by controlling their size but also offers extensive control over the 
QD size, shape, compound and even allows to realize complex heterostructures. 
The experimental room temperature photon anti-bunching results with single 
CdSe/ZnS core-shell QDs was first reported for [49-50]. This experimental 
result can be attributed to the highly efficient, non-radiative Auger 
recombination of multi-excitons as we discussed in Chapter 2.1.1. Figure 2.9 
shows the result from reference [49] and from that we can clearly see an anti-
bunched signal with CW excitation from a CdSe/ZnS single quantum dot. This 
result is quite different from the result obtained for a CdSe/ZnS cluster. This 
enabled the emission of a single photon to be triggered optically by a high-
intensity excitation optical pulse [51, 52]. However, the early research also has 
shown that colloidal QDs have blinking issues which leads to an unpredictable 
variation of bright and dark periods [49-51]. But the recent improvement of the 
synthesis of colloidal QDs can suppress the blinking issue and further improve 
the colloidal QDs’ potentials to act as a single photon source.   
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Figure 2.10: Measured distribution n(τ)  of photon pair separation times τ  for a 
CdSe/ZnS cluster and a single quantum dot. The line represents a fit to 
an exponential law. Adapted from ref [50]. 
However, for all the previous proof of principle research work, the 
characterization of the single photon sources based on colloidal QDs is usually 
done by spin coating a diluted solution onto a glass substrate [49-50]. The QDs 
are randomly located on the glass substrate. Also, most of the emission from the 
single QDs couple to free space and can only be collected with a microscopy 
system. 
In my thesis, I will investigate the possibility to realize on-chip single photon 
sources based on colloidal QDs. A SiN waveguide platform is optimized. We 
will show the colloidal QDs can be embedded into the SiN layer stacks without 
quenching their photoluminescence. We also show the photon emission from 
these embedded colloidal QDs can be well coupled in a waveguide. With the 
help of the waveguide platform, more complicated functionalities can be 
potentially supported to confine, guide, modulate and detect these single photons. 
Thus, more complicated quantum information processing might be possible.   
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 3 
Silicon nitride platform 
optimization for colloidal 
quantum dots integration 
 
 
SiN is a commonly used material in CMOS foundries for masking, passivation 
and strain engineering. The crystalline SiN is a dielectric material with a large 
band gap around 5 eV [1], hence has a large transparency window from visible 
to the infrared (0.4 μm to 4 μm). It has an optical index intermediate between 
that of silicon and silicon oxide (~2.0) [2], resulting in a much more compact 
footprint of the integrated circuits compared with the silicon oxide waveguide 
platform and less waveguide loss compared with the silicon waveguide platform. 
As it has been already widely used in the CMOS technology, SiN potentially 
allows for large-scale integration and hence a cost-efficient photonics 
integration platform [3]. 
The SOI technology that is widely used for the silicon photonics integration 
platform uses wafers containing a thin layer of crystalline silicon, which is 
separated from the silicon substrate by a buried oxide. However, the SiN layers 
used in the SiN photonics integration platform are not crystalline SiN but 
generally deposited using two types of technologies. One is called low-pressure 
chemical vapor deposition (LPCVD) [5]; the other one is called plasma 
enhanced chemical vapor deposition (PECVD) [6]. Both technologies can 
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provide amorphous SiN layers on top of substrates. By tuning the ratio of the 
deposition gas, the index of the layer can be tuned over the range 1.8-2.2. While, 
n>2.0 indicates a silicon-rich film, n<2.0 usually indicates an abundance of 
nitride [4-6]. LPCVD, allows depositing nearly stoichiometric nitride (Si3N4) 
with very high purity, which leads to very low optical material loss. However, 
the LPCVD SiN deposition needs a high temperature (~ 700-900 C) and a low 
pressure chamber which leads to a slow deposition rate at the order of Å/sec [5]. 
LPCVD SiN films typically also have high tensile stress, which leads to a 
limitation of the maximum film thickness around 400 nm before the deposited 
SiN layer cracks. Both properties limit the applications of LPCVD SiN layers. 
PECVD SiN, on the other hand, provides flexibility compared with LPCVD SiN. 
PECVD deposition can be performed at quite a low temperature (below 500 C 
even at room temperature). The much higher deposition rate and less severe 
stress in the layer makes it possible to obtain large film thickness (up to 1 μm) in 
a single run [4].  
 Since the SiN layers are generally prepared with chemical vapor based 
deposition, the layer usually contains hydrogen bonds (Si-H; N-H), which lead 
to considerable absorption in the infrared. The high loss around 1520 nm has 
been experimentally demonstrated, and the results have been shown in reference 
[6-7]. The SiN prepared by PECVD at relatively low temperatures has much 
severer optical loss around 1550 nm. This loss is the result of the much higher 
concentration of the hydrogen in the SiN layer, which is over one order of 
magnitude than the LPCVD SiN. This limits the applications for PECVD SiN in 
the telecom wavelength range. The hydrogen content can be minimized by 
optimizing the deposition conditions [6-11]. The annealing process with a high 
temperature (above 1000 C) can further reduce the material loss around 1550 
nm, which has been demonstrated from [12-13].  
The early work exploiting SiN as a material for optical waveguide focused on 
using it as in the visible wavelength range. The work demonstrated losses 
around 0.1 dB/cm for LPCVD SiN [14, 15] and 1.14 dB/cm for PECVD SiN [16] 
with slab waveguides geometry at 632.8 nm on a Si wafer with buffered SiO2 in 
between. SiN waveguide platform has advantages compares with traditional 
SiO2 PICs and Si waveguide platform hence received growing attention in the 
recent years.  It has been demonstrated in the telecom wavelength range, low 
loss SiN waveguide platforms with a multi-layer SiN core [17] or buried in a 
thick oxide cladding [18], with optical loss around 0.1 dB/cm at 1550 nm. A 
world record optical waveguide loss with low-confinement waveguides based on 
SiN material has been reported with TriPleX
TM
 technology [19]. The state-of-
the-art waveguide losses of ~0.003 dB/cm @ 1300nm and ~0.008 dB/cm @ 
1540 nm were reported using this technology [19, 20]. Passive photonics 
components based on the SiN platform have been developed. SiN Arrayed 
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Waveguide Gratings (AWGs) with very low insertion loss of ~0.2-0.5 dB are 
reported [21]. High optical Q micro-resonators achieved using SiN platform 
have also been demonstrated [22]. Applications like on-chip Raman 
spectroscopy [23] and biosensors [24] based on the SiN integration platform 
have been studied and demonstrated within the NIR and visible wavelength 
ranges. A variety of fundamental studies and applications like nonlinear optics 
[25-28], optomechanics [29-30] based on SiN photonics have also been 
undertaken. 
As mentioned in Chapter 1, like silicon, SiN is also not an efficient material 
for light generation. Our goal in this thesis is to use the heterogeneous 
integration idea to combine the excellent emission properties from the colloidal 
QDs with the advantages of the SiN integration platform, to realize on-chip light 
sources. 
In this chapter, we discuss our work on the optimization of a PECVD based 
SiN waveguide platform, to better suit the integration purpose.
3
 
3.1 SiN deposition 
The SiN films in this study are deposited using an Advanced Vacuum Vision 
310 PECVD tool from UGent cleanroom equipped with two different RF 
frequency source. One is a high frequency (H-F) source at 13.56 MHz, and the 
other one is low frequency (L-F) source at 100 kHz. Thus the PECVD system 
can be operated in three different RF frequency bias mode: high frequency (H-F), 
low frequency (L-F), and mixed frequency (M-F). Another deposition condition 
that can be tuned is the temperature of the chamber plate. The temperature can 
be tuned from room temperature to 270 °C. Moreover, the gas mixture of SiH4, 
NH3, and N2 is used to generate reactive plasma in the chamber, and the gas  










H-F 13.56 MHz 30 W 650 1960 40 40 
L-F 100 kHz 50 W 650 1960 35 40 
M-F 6:1.5(H:L) 30W/50W 650    
Table 3.1 The detailed recipe for gas ratio, RF bias frequency and power for 
Advanced Vacuum Vision 310 PECVD SiN deposition. The mixed 
frequency receipt used a mixed high frequency bias and low frequency 
bias with a 6:1.5 time ratio. 
                                                          
3 This work was carried out in close collaboration with Weiqiang Xie from PRG, UGent. 
Weiqiang Xie fabricated the sample. Yunpeng Zhu measured the sample. 
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ratio can be tuned and has been optimized to deposit SiN films with refractive 
indices close to 2.0.  Details of the gas ratio, RF bias frequency and power have 
been listed in Table 3.1. 
With the above RF power and chamber pressure, a moderate deposition rate 
around 710 nm/min can be obtained.The complex refractive indices of different 
SiN films have been measured using ellipsometry.
4
 In Figure 3.1(a), it is clear 
that the high-temperature SiN (H-SiN) has a higher index than the low-
temperature SiN (L-SiN). High frequency plasma leads to electrically more 
active plasma because the electron temperature is more elevated. This leads to a 
more reactive process which can induce a denser layer. For instance, the index 
@ 900 nm of L-F SiN changes from 1.931 to 1.862 with decreasing the 
temperature from 270 °C to 120 °C. The reduction in the material index can be 
explained by the high hydrogen concentration associated with insufficient 
reaction during film formation and the porous which comes from the low 
chamber temperature. The RF frequency bias has little effect on the SiN layer 
index, while it has a dramatic effect on the extinction coefficient. This difference 
can be seen from Figure 3.1(b). The extinction coefficient k @ 900 nm of 
120 °C SiN changes from 0.000743 (H-F) to 0.000002 (L-F) with different RF 
bias frequency. Here we use Cauchy models to fit the data, the absorption from 
the hydrogen bond in the infrared spectrum cannot be seen from the extinction 
coefficient measurement. The most general form of Cauchy's equation can be 






+ ⋯, where n is the refractive index, λ is the  
 
Figure 3.1: (a) The ellipsometry measurement results for refractive indices n of 
SiN films deposited using different conditions. H-F, L-F and M-F 
stand for high frequency, low frequency and mixed frequency RF bias. 
H-SiN stands for high temperature (270 °C) chamber; L-SiN stands 
for low temperature (120 °C) chamber. (b) The extinction coefficients 
k of SiN deposited under different conditions.  
                                                          
4
 We used ellipsometry equipment from J.A. Woollam Company. More details can be 
found from the company website. 
SIN PLATFORM OPTIMIZATION FOR CQDS INTEGRATION 49 
 
wavelength. A, B, C, etc., are coefficients that can be determined for a material 
by fitting the equation to measured refractive indices at known wavelengths. In 
the coming section, we will show the waveguide loss measurement results based 
on different SiN films to find the best SiN deposition recipe for photonics 
integration. 
3.2 SiN waveguide loss 
Since a low optical loss waveguide platform, especially in the visible range is 
desired for hybrid colloidal QDs integration, we would like to first 
experimentally demonstrate a passive low SiN waveguide platform. From the 
previous ellipsometry measurement, we can conclude that the SiN layer 
deposited with low RF frequency bias has a lower optical loss. 
3.2.1 Design and fabrication 
We studied fully etched strip waveguides sitting on top of a silicon wafer with a 
silicon oxide layer in between. The etched strip waveguide will be defined using 
standard contact lithography and then etched with an optimized etching recipe 
[31]. The test SiN waveguide samples contain waveguides with width varying 
from 0.8 μm to 2.0 μm. For each width, the sample for the measurement 
contains a straight reference waveguide and spiral waveguides with variable 
lengths (1, 2, 4 and 8 cm) for cut-back measurements. The bending radius of the 
spiral waveguide is fixed at 100 μm, which shows negligible bending loss 
according to numerical simulations.  Besides the spiral part, at both sides of the 
waveguides, the widths are tapered to 3.0 μm to help to get an easier facet 
cleaving and guarantee a constant coupling in and out between the waveguide 
and the fiber. The process flow includes substrate preparation and waveguide 
definition and is shown in Figure 3.2  
 
Figure 3.2: The lithography process flow for SiN waveguide loss measurement. 
(a) Prepare substrate, (b) apply resist, (c) exposure, (d) after 
development. Adapted from ref [31] 
As shown in Figure 3.2, the fabrication starts with using a Si (100) wafer with 
a 3 μm thermal silicon oxide layer on top. SiN layers with different deposition 
SiO2 SiNSi PR
320nm light
a b c d
mask
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condition will be deposited on top of the Si wafer using the recipes mentioned in 
the last section. Since the ellipsometry results have shown the L-F SiN has a low 
optical material loss, here we only compare the L-F SiN deposited at high and at 
low temperatures (H-SiN and L-SiN). After the SiN layers are deposited, the 4-
inch wafer was cleaved into 2.5 cm by 2.5 cm chips along the (110) crystal 
orientation for further process. Using the optimized lithography process, we 
pattern the chip with AZ701 resist. The waveguides directions have been set 
parallel to the edge of the cleaved chip for better facet cleaving. Later, the chips 
will be etched using the optimized RIE recipe (CF4/H2:40 sccm/3 sccm) [31], 
and the waveguide patterning will be transferred to the SiN layers and form the 
stip waveguides. Following acetone and oxygen plasma cleaning which can 
remove the residual photon resist, the chips are then ready for the measurement.  
3.2.2 Waveguide loss characterization 
The waveguide propagation losses are measured with a cut-back method by 
measuring the transmission of spiral waveguides with variable lengths. The 
losses can simply be extracted by fitting the length dependent insertion loss 
measurement.  
A horizontal coupling setup is used for the measurement, as shown in Figure 
3.3. Lensed fibers are used to couple light in and out. The fibers are mounted in 
2 piezo stages that can be accurately controlled manually by the operator along 
the XYZ axes, guaranteeing precision alignment of the fiber tip with respect to 
the waveguide facet. By minimizing the in and out insertion loss, we can obtain 
an optimized light coupling.  
 
Figure 3.3: Picture of the horizontal alignment fiber setup. Left picture is the  
overview of the whole setup. Right picture is the waveguide chip with 
already well aligned lensed fibers. The insets are zoomed pictures with 
a microscope. 
SIN PLATFORM OPTIMIZATION FOR CQDS INTEGRATION 51 
 
Samples with thickness ~ 200 nm are prepared to measure the waveguide loss 
at =900 nm, using a near-infrared tunable laser. A polarizer is used to ensure 
the TE mode is coupled from the input fiber. Single-mode lensed fibers designed 
for 1550 nm is used for the light couple in and out. The per facet coupling loss 
(fiber to waveguide) is  ~2.5-3 dB at 900 nm. 
Waveguide samples with H-SiN and L-SiN are compared. The measurement 
results have been shown in Figure 3.4. The measurement shows that both for H-
SiN and L-SiN the losses rapidly decrease with the increase of the waveguide 
width from 0.8 μm to 1.2 μm. A more gradual decrease in terms of the 
waveguide loss can be seen when the waveguide width increases from 1.2 μm to 
1.5 μm. With an increased waveguide width (to around 2.0 μm), the measured 
waveguide losses are gradually converging to values around 0.94 dB/cm and 
1.88 dB/cm, respectively, for H-SiN and L-SiN. The inset of Figure 3.4 shows 
the transmission of the 2.0 μm wide waveguides for different lengths and the 
corresponding waveguide loss linear fits. From the measurement, we can also 
see that L-SiN waveguides are lossier than H-SiN due to the lower optical 
material quality, which might come from the high hydrogen concentration 
associated with insufficient reaction during film deposition at the low deposition  
 
Figure 3.4: The measured waveguide losses of H-SiN (270 °C) and L-SiN 
(120 °C) SiN layers deposited with low RF frequency bias. The 
thickness of all SiN waveguides is ~200 nm and the waveguide width are 
varied from 0.8 μm to 2.0 μm. The inset picture shows the linear fits for 
H-SiN waveguide and L-SiN with 2.0 μm width . The result has been 
normalized to the reference waveguides. Waveguide support multimode 
for width larger than 1 μm. Adapted from ref [31]  
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temperature. Moreover, the L-SiN layer tends to be more porous than the H-SiN 
layer, which leads to a lower index and a more lossy film. But still, a 2 dB/cm 
waveguide loss is already low enough to suit most photonics applications. 
3.3 Waveguide loss with embedded monolayer QDs 
Colloidal QDs have already been used as active materials in various types of 
photonics waveguide platforms, such as polymer waveguides, silicon oxide 
waveguides and silicon waveguides. In most cases, the colloidal QDs are either 
diluted in a polymer matrix [32] or spin coated on the surface of the waveguide 
or microcavities [33-34]. The polymer platform has known drawbacks, such as a 
low index contrast and limited long-term stability, giving limits for the colloidal 
QDs integration applications. For the latter case, colloidal QDs do not have a 
dielectric encapsulation that acts as a barrier against oxygen and moisture. The 
exposure to the surroundings in the long term will quench the luminescence 
properties of the colloidal QDs which also limits the potential of surface coating 
for colloidal QDs. Moreover, for the surface coating, the coupling between the 
emission from the QDs and optical mode of the photonics devices is weak, 
which also limits the applications. Therefore, we aim to demonstrate and 
optimize a reliable photonics platform with fully integrated QDs.  
In the ideal case, a photonics platform for colloidal QDs integration does not 
only provide encapsulation of the colloidal QDs, protecting them from 
oxidization and moisture but also provides a better coupling between the 
emission from the QDs and optical mode of the photonics devices.  
Therefore, in this section, relying upon the previously developed low loss 
passive SiN waveguide platform based on a relatively low temperature 
(120270 °C) PECVD process, we develop low-loss hybrid QD-SiN 
waveguides. They are fabricated using a one-step dry etching process further 
optimized specifically for the QD-SiN system. We will experimentally show 
that colloidal QDs can be embedded in between two SiN layers without 
quenching their luminescence, while in the meantime; the hybrid SiN waveguide 
still has low optical waveguide loss. 
3.3.1 Fabrication process 
The fabrication includes waveguide stack preparation and waveguide patterning, 
as shown in the process flow in Figure 3.5(a). Firstly we start with preparing a 
SiN/QD/SiN sandwich stack substrate on a silicon wafer with a 3μm thermal 
SiO2 layer. The stack is prepared with a ~100 nm L-F H-SiN layer on top of the 
SiO2 first, as described in Chapter 3.2. Next, a close-packed monolayer of 
colloidal QDs was deposited onto the  ~100 nm SiN layer by a Langmuir–
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Blodgett (LB) method 
5
. The LB technique is a way to obtain one or 
more monolayers of organic material. It is usually deposited from the surface of 
a liquid onto a solid by immersing (or emerging) the solid substrate into (or from) 
the liquid. A monolayer is adsorbed homogeneously with each immersion or 
emersion step. Thus films with monolayers can be formed. CdSe/CdS core/shell 
colloidal QDs, optimized for visible emission, are used. These dots have an 
average diameter ~7.2 nm and a ~625 nm central emission peak. The quality of 
the colloidal QDs film was examined by scanning electron microscope (SEM) 
which is presented in Figure 3.5 (b). The photoluminescence (PL) of the 
deposited colloidal QDs under a UV lamp has also been shown in Figure 3.5 (c). 
Both results show the uniformity of the deposited monolayer of colloidal QDs. 
After the deposition of the monolayer colloidal QDs, a second layer of SiN was 
subsequently deposited for embedding the LB QDs layer with a thickness also 
~100 nm, using the same PECVD process, to encapsulate the monolayer 
colloidal QDs layer. For this SiN layer, the chamber temperature has been set to 
120 °C to minimize the impact on the optical emission quality of the colloidal 
QDs during the deposition [13]. We still aim to retain sufficient material quality 
for the SiN to allow for low loss photonic devices. The refractive index on the 
other hand (measured at 900 nm) changes from 1.931 to 1.862 with the 
temperature decreasing from 270 °C to 120 °C, indicating a reduction in the 
material density. Then, the same photoresist mask previously designed for 
waveguide loss measurement was used to pattern QD-SiN layers using 
optimized contact optical lithography. Finally, the waveguide pattern was 
transferred from the photo resist into the QD-SiN layers by using reactive ion 
etching (RIE) to form strip waveguides. To compare the influence of the 
embedded monolayer CQDs on the waveguide loss, we also fabricated the 
waveguide just using an H-SiN/L-SiN layer stack. Here, the SiN/QD/SiN stack 
is etched using a single etching step with an optimized RIE etching recipe [31].  
                                                          
5
 We also use spin coating for the thicker layers 
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Figure 3.5: (a) Schematics of SiN waveguide with embedded monolayer colloidal 
QDs fabrication flow. (b) SEM image of the LB deposited monolayer 
colloidal QDs. The inset shows the zoom in details of the close-packed 
LB colloidal QDs film. (c) PL of a 22 cm LB colloidal QDs film 
illuminated with a UV lamp. Adapted from ref [31]. 
3.3.2 Waveguide characterization  
To evaluate the hybrid colloidal QDs SiN platform waveguide loss 
quantitatively, we measured and extracted the propagation losses of H-SiN/L-
SiN and H-SiN/QD/L-SiN waveguides by using the same method and setup as 
described in the previous section. The waveguide losses have been measured at 
900 nm wavelength to avoid absorption from the embedded colloidal QDs since 
the embedded colloidal QDs do not absorb 900 nm light. In Figure 3.6 we show 
the measured transmission results, which compare H-SiN/L-SiN and H-
SiN/QD/L-SiN waveguides. The results present the same decrease in terms of 
waveguide loss for wider waveguides as shown in the last section for pure SiN 
waveguides. We can obtain waveguide losses as low as 1.82 dB/cm and 2.69 
dB/cm for the widest H-SiN/L-SiN and H-SiN/QD/L-SiN waveguides, 
respectively. The inset shows the detailed linear fits for these 2 μm wide 
waveguides. The results show the loss of the H-SiN/QD/L-SiN waveguide is 
around 12 dB/cm larger than that of the H-SiN/L-SiN waveguide for different 
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widths as seen in Figure 3.6. This difference should only come from the 
embedded colloidal QDs in between of the H-SiN and L-SiN layers. 
 
Figure 3.6: Waveguide losses with different widths of H-SiN/L-SiN and H-
SiN/QD/L-SiN stacked layers. The inset shows the detailed linear 
fitting of the normalized transmissions of 2 μm wide waveguides at 
different lengths. Adapted from ref [31]. 
The colloidal QDs layer does not only introduce roughness at the interfaces 
between the SiN layer and QDs layer but also introduces sidewall roughness 
during the RIE process. 
3.3.3 Embedded QDs luminescence 
Since the embedded colloidal QDs were subjected to a PECVD deposition 
which involves plasma environment and a chamber temperature higher than the 
room temperature, their optical emission property might degrade.  Here, we also 
perform a PL measurement for the patterned colloidal QDs layers on an H-SiN 
layer before and after the embedding process, to verify the influence. The result 
is shown in Figure 3.7. In both cases, the excitation with a 447 nm laser diode 
was illuminated on the top of the sample surface. The emission was collected 
from the cleaved facet of a waveguide using a lensed fiber. From the 
measurement result, a red shift and an increased intensity at a longer wavelength 
can be observed. This phenomenon can be attributed to wavelength-dependent 
reabsorption and probably also the process introduced defects lead to the change 
of the emission profile. However, the main features of the PL spectrum from the 
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embedded colloidal QDs are well preserved, which shows the potential of the 
hybrid integration of colloidal QDs.  
 
Figure 3.7: The collected PL spectra from hybrid SiN waveguides with colloidal 
QDs on top/embedded. A red shift and an increased intensity can be 
observed at the longer wavelength, which can be explained by the 
wavelength-dependent reabsorption and probably also the change of 
emission profile from the defects. Adapted from ref [31] 
In conclusion, we have developed a hybrid QD-SiN integration platform. A 
lower than 1 dB/cm SiN waveguide loss has been demonstrated. With an 
embedded monolayer of colloidal QDs in between two SiN layers, the 
waveguide loss is slightly larger but is lower than 2.7dB/cm. This waveguide 
loss level is suitable for most photonics applications. The embedded colloidal 
QDs preserve their luminescence properties. Since the entire fabrication of QD-
SiN waveguide wires is CMOS compatible, the present platform can take 
advantages of existing SiN CMOS technology and enable realizing on-chip low-
loss SiN devices integrated with active QDs, in particular, for the integration 
with on-chip lasers and single photons sources. 
3.4 SiN layer stress characterization 
As mentioned at the beginning of this chapter, SiN layers deposited by LPCVD 
and PECVD exhibit stress. Compared with LPCVD SiN, PECVD SiN layers 
exhibit less severe stress. However, in some circumstances, this internal stress 
from the deposition will still introduce problems for the waveguide platform 
envisaged as will be explained below. 
SIN PLATFORM OPTIMIZATION FOR CQDS INTEGRATION 57 
 
In general, three types of layer stress are distinguished: tensile, compressive 
and shear stress. These three types of stress are illustrated in Figure 3.8. Tensile 
stress is the type of stress in which the two sections of material on either side of 
a stress plane tend to pull apart or elongate as illustrated in Figure 3.8(a). 
Compressive stress is the reverse of tensile stress. Adjacent parts of the material 
tend to press against each other through a typical stress plane as illustrated in 
Figure 3.8(b). Shear stress exists when two parts of a material tend to slide 
across each other in any typical plane of shear upon application of force parallel 
to that plane as illustrated in Figure 3.8(c) [35]. 
 
Figure 3.8: Types of applied stress. (a) Tensile stress; (b) Compressive stress; (c) 
Shear stress. Adapted from ref[35] 
We usually only consider tensile and compressive stress in SiN films. High 
tensile stress tends to crack the SiN layers and limits the thickness of SiN 
obtained via LPCVD systems. On the other hand, compressive stress tends to 
bend and collapse free hanging membranes and causes failures in the release of 
MEMS structures. The stress mismatch between different layers will cause the 
layers to crack or separate from each other leading to failures in forming a multi-
layer stacks (e.g. when depositing a SiN layer on a colloidal QDs film). Given 
its importance for our waveguide platform, we will measure the stress of SiN 
layers obtained by our PECVD system using different RF frequency bias.  
Figure 3.9 shows the general principle of the stress measurement. We start 
from a flat substrate (usually a silicon wafer). Then the layer/layers we would 
like to measure will be deposited onto the flat substrate and the stress from the 
layer/layers will cause the substrate to bend. Assuming the material parameters 
defining the flat substrate are known, by measuring the bending of the substrate, 
the stress from an n-layered stack deposited on this substrate can be calculated 
using the Stoney equation below: 















)                         3.1 
where 𝜎𝑡𝑜𝑡𝑎𝑙 is the stress from the layer/layers,  𝐸𝑠 is the Young’s modulus of 
the substrate, 𝑑𝑠 is the substrate thickness, 𝑣𝑠 is the Poisson ratio of the substrate, 
𝑑𝑖 is the thickness of the deposited layer/layers and R is the measured radius of 
the curvature. The application of this equation involves the following 
assumptions [36].  However, for our measurement, this equation can be used to 
determine the layer stress. 
 
Figure 3.9: The general principle of the stress measurement. Adapted from ref 
[37]. 
Bare silicon chips with size 2 cm by 2 cm are prepared. The curvatures of the 
chips are measured using Dektak surface profiler before the SiN layer deposition. 
The Dektak surface profiler scans the surface of the whole sample and records 
the height data. Then, ~100 nm thick SiN layers were deposited on top of these 
silicon chips with different deposition conditions. The deposition temperature is 
270 °C. The curvature of the chips is again measured. From the difference in the 
curvature before and after deposition, the stress of the SiN layers is calculated 
and the results are shown in Table 3.2. 
SiN Type Stress Type Average Stress (MPa) 
H-F SiN Tensile 774 
M-F SiN Tensile 400 
L-F SiN Compressive 1046 
Table 3.2: Stress type and average stress of different type of SiN layer 
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The results show SiN layers deposited with different RF bias have different 
stress in term of strength and type, which is common for SiN layers [38]. L-F 
SiN has compressive stress with average stress of 1046 MPa. On the contrary, 
H-F SiN has tensile stress with average stress of 774 MPa; M-F SiN has slightly 
lower tensile stress with average stress of 400 MPa. These measurement results 
are used in section 4.2.1 and section 5.1.2 to help choose SiN layers with 
suitable layer stress. 
3.5 SiN fluorescence measurement 
SiN obtained with PECVD and LPCVD is amorphous, hence the layers usually 
have defects, and these defects can act as fluorescence centers when the SiN 
layer is illuminated with light. This fluorescence phenomenon is typically 
negligible for normal waveguiding applications. But for some applications like 
Raman spectroscopy and on-chip single photon sources, this fluorescence can 
introduce background noise, which might hide the real signal. 
   Therefore, here we would like to characterize the intensity of the fluorescence 
signal of SiN layers deposited under different conditions using our PECVD 
system. This characterization will help to choose the optimal deposition 
condition for low background fluorescence applications. 
We used a photon counting system to characterize the SiN material 
fluorescence as shown in Figure 3.10. The excitation beam of the setup is 
produced by a PicoQuant LDH-DC-440M laser diode. The excitation beam was 
focused on the sample using an Olympus objective lens (100x 0.75NA). The 
beam was then shaped using a digital micro-mirror device (Texas Instrument, 
0.55” XGA 2x LVDS DMD) to allow custom excitation patterns. SiN samples 
with different deposition conditions will be illuminated by the laser beam and 
the fluorescence will be collected by the objective and send to a photon counter. 
We will use the counts per nm to compare the fluorescence intensity from the 
different SiN samples: 
𝐶𝑜𝑢𝑛𝑡𝑠 𝑝𝑒𝑟 𝑛𝑚 =
𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑢𝑛𝑡𝑠 − 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝐶𝑜𝑢𝑛𝑡𝑠
𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑆𝑖𝑁
              3.2 
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Figure 3.10: Photon counting system for material fluorescence measurement. 
Adapted from [39]. 
For the experiment, ~200 nm of different types of SiN layers have been 
deposited directly on a clean Si sample, to avoid fluorescence from the substrate. 
All samples have been measured by ellipsometry to obtain the sample thickness 
accurately. Next, the samples were illuminated under the same initial conditions 
(fixed pattern on the DMD and 300 W/cm
2
 laser pump power intensity). The 
photon counts number was obtained with 3 second exposure time with the 
photon counter. The fluorescence from these SiN layers was then collected by 
the photon counter. To eliminate the background noise
6
, the background counts 
are recorded with a bare silicon wafer as a reference. 
Figure 3.11 shows the measurement results. First of all, the SiN deposited 
with mixed and high frequency bias has higher fluorescence compared with the 
SiN deposited with low frequency bias. The measurement also shows SiN layers 
deposited with high chamber temperature tend to have higher fluorescence than 
the SiN layers deposited with low chamber temperature. The SiN deposited with 
low frequency and low chamber temperature has the lowest fluorescence, close 
to the background noise limit. For our PECVD system, this type of SiN is most 
suitable for low fluorescence applications. 
                                                          
6
 The background noise comes from the dark current of the photon counter. The 
background counts level is around 262000 
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Figure 3.11: Photoluminescence measurements from different SiN layers.  
3.6 Conclusion 
In this chapter, we have shown the information about the development of the 
hybrid SiN colloidal QDs integration platform. We first demonstrated a passive 
SiN waveguide platform with an optical loss at 0.94 dB/cm @ 900 nm with a 
waveguide dimension 2 μm by 200 nm. With a monolayer of embedded 
colloidal QDs in between, the waveguide can still maintain a waveguide loss 
around 2.69 dB/cm @ 900 nm. This hybrid SiN colloidal QDs platform has been 
optimized for the heterogeneous integration. The SiN layer stress for different 
deposition recipes has been presented. L-F SiN has compressive stress with the 
average stress of 1046 MPa. H-F SiN has tensile stress with the average stress of 
774 MPa; M-F SiN has slightly lower tensile stress with the average stress of 
400 MPa. The luminescence of the SiN material itself for different deposition 
recipe has also been compared. For low fluorescence background applications, it 
is better to use L-F L-SiN as the waveguide material.  
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4 
  Colloidal quantum dots 




In the previous chapter, we have developed a hybrid silicon nitride (SiN) 
photonics platform optimized for colloidal quantum dots (QDs) heterogeneous 
integration. Based on this hybrid waveguide platform, low optical loss SiN 
waveguides with an embedded QDs layer has been achieved. The embedded 
QDs preserve their luminescence, which already is a remarkable step towards 
realizing light generation for the SiN waveguide platform. In this chapter, we 
further investigate whether we can obtain coherent light from these embedded 
QDs. 
As mentioned in Chapter 2, over the past 15 years, colloidal QDs have 
shown that depending on their shape, size and composition, they can exhibit net 
optical gain at visible wavelength [1]. Various laser devices based on colloidal 
QDs have been demonstrated. Some early demonstrations were using accidental 
ad hoc resonators [2]. Later, some reports have shown laser designs with vertical 
cavities where QDs are put between reflectors [3]. Some other designs involved 
coated surface gratings [4-5] and silica microspheres [6]. While these studies are 
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relevant in terms of characterization and understanding the fundamental material 
parameters of the colloidal QDs, they are less relevant in terms of long term 
application potential. The research has then gradually moved to combine the 
colloidal QDs with an integrated waveguide platform. A lot of work has been 
done to embed the colloidal QDs in polymers [7-8]. Distributed feedback (DFB) 
based polymer lasers have been reported with a remarkable low lasing threshold.  
But the polymer platform has several drawbacks including a low index contrast 
and a limited long-term stability. In other work, compact colloidal QD layers 
were coated over prefabricated quartz gratings [5]. However, this approach lacks 
a proper encapsulation of the colloidal QD layers. The colloidal QD layers are 
exposed to the surroundings, which not only bring issues to the post-processing, 
but these coated colloidal QD layers also lack a protection barrier against 
oxygen and moisture. Moreover, coupling light of such devices to other on-chip 
integrated structures cannot be easily achieved, which also limits its application 
potential. In addition, these surface coated colloidal QDs can easily get released 
from the substrate into the air with air flow or physical collision. These nano-
particles pose risks to human health and the environment under certain 
conditions. Hence encapsulation is a must to reduce these risks. 
In this chapter, we will experimentally demonstrate on-chip lasers with 
colloidal QDs as gain material, using the previously optimized hybrid colloidal 
QD SiN platform. We will first characterize the colloidal QD material gain and 
gain lifetime in the solution phase, by using a Transient Absorption 
Spectroscopy (TAS) system. We will also measure the modal gain of hybrid QD 
SiN waveguides with an improved waveguide based variable stripe length 
method. Single mode DFB lasers have been designed, fabricated and 
characterized, showing a lasing threshold of 270 μJ/cm
2
 under 7 ns pulse 532 
nm laser pump. The equivalent CW threshold is about 39 kW/cm
2
, which is at 
the same level as that of III-V semiconductor lasers epitaxially grown on silicon 
[9]. Also, a gain-coupled DFB laser has been demonstrated, showing the 
flexibility of colloidal QDs as solution synthesized materials, which can act as 
paint-on optical gain materials. In the last part of this chapter, we also combined 
our SiN platform with colloidal nanoplatelets (NPLs). These NPLs still show 
amplified spontaneous emissions as in the solution phase after being embedded 
into the SiN layers. This showcases our SiN platform’s versatility and the 
potential for embedding also other types of solution processed materials.  
4.1 Characterization of colloidal QDs material gain 
In Chapter 2, we have analyzed the importance of the biexciton lifetime for 
achieving a low CW lasing threshold, as shown in Eq. 2.24. The biexciton 
lifetime is a combination of both radiative recombination and the nonradiative 
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Auger process, as expressed in Eq. 2.25. To sum up, for low lasing threshold 
applications, colloidal QDs with longer biexciton lifetime/decay rate will have a 
better performance in terms of a low lasing threshold. 
To date, CdSe/CdS colloidal QDs are the most promising colloidal QDs for 
lasing applications, as they have shown high optical gain coefficients, long gain 
lifetime and exceptional stability [1]. As we have already demonstrated from 
Chapter 3.3.3, they still exhibit photoluminescence after embedding them into 
SiN layers and going through a PECVD process. In this work, we use so-called 
flash CdSe/CdS colloidal QDs. They are synthesized by Tangi Aubert from the 
PCN group using a seeded growth approach that yields thick shell CdSe/CdS 
colloidal QDs in a fast and simple process [10-11]. The synthesis starts with 
wurtzite CdSe seed QDs with a diameter of 4 nm. CdS shells are latter been 
grown on the surface of the seed QDs. The average total diameter of 11.5 nm 
hence corresponds to an average shell thickness of 3.75 nm. Such colloidal QDs 
feature an alloyed CdSe/CdS interface. This interface can not only reduce strain 
introduced by the mismatch from the two materials but also slow down 
nonradiative Auger recombination of bi-/multi-excitons [10]. The latter is 
important to suppress the Auger recombination and have a longer biexciton 
lifetime [12]. Figure 4.1 shows the transmission electron microscope (TEM) 
picture of the corresponding colloidal QDs and the inset is the solution 
luminescence under illumination by a UV lamp. 
 
Figure 4.1: The TEM picture of flash CdSe/CdS colloidal QDs, the inset is the 
solution luminescence under UV lamp. Adapted from ref [10]. 
Figure 4.2 presents the measured photoluminescence spectrum of the QDs, 
which is centered around 635 nm. The photoluminescence spectrum has a 
linewidth around 29 nm and comes with a photoluminescence quantum yield of 
around 80%. In the time-resolved fluorescence experiment, we have a multi-
exponential decay. We measure on an ensemble of QDs, which means that 
different QDs can exhibit different lifetimes. In addition, delayed emission can 
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extend the fluorescence decay as well. That is why we define an average lifetime. 








                                                (4.1) 
By using the above equation, an average lifetime around 58.5 ns has been 
calculated from the measurement.  
However, the decay is also reasonably well approximated by a single-
exponential decay. We can use this model to extract the single exciton lifetime 
from this measurement, which is more relevant for the laser threshold analysis. 
A 26.8 ns single exciton lifetime can be fitted and extracted.  
 
Figure 4.2: Absorption (expressed as intrinsic absorption coefficient (𝜇𝑖 ) and 
emission (red) spectrum after excitation at 400 nm. The QDs have a 
luminescence quantum yield of 80%. Inset: photoluminescence (PL) 
decay showing an average decay time of 58.5 ns, a single exciton 
lifetime of 26.8 ns. 
We assessed the potential of these QDs for optical gain by measuring the 
temporal non-linear optical properties of a QD dispersion using an ultrafast TAS 
system. TAS is a pump-probe technique, and the layout of the setup has been 
shown in Figure 4.3.
7
 In this measurement, we usually prepare a diluted  
                                                          
7
 The TAS measurement of the flash colloidal QDs was carried out by Suzanne Bisschop 
from the PCN group UGent. The data analysis was done by Yunpeng Zhu 
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Figure 4.3: Transient Absorption Spectroscopy (TAS) system. (a) The principle 
of the TAS system. A pump-probe method is used to determine the 
absorption change of the sample. (b) The schematic of the TAS 
system. (c) The picture of the TAS system. 
colloidal QDs sample with a certain concentration in a cuvette, as shown in 
Figure 4.3(a). Then we use the TAS system to measure the change of 
transmission between a pumped and an un-pumped sample of a short pulse 
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probe beam as a function of both pump-probe time delay and probe wavelength. 
The sample is pumped with ultrashort laser pulses (in this case, 110 fs with a 1k 
Hz repetition rate) after which the change in absorbance ∆𝐴 is measured by a 
time-delayed probe pulse generated by non-linear crystal to obtain a broadband 
probe beam (also 110 fs) as function of wavelength (or energy). Combining ∆𝐴 
with the linear absorption spectrum, we can obtain the absorbance A of the 
sample at a certain time delay and probe wavelength. If A turns negative, the 
dispersion exhibits optical gain, and both the gain threshold and the spectral gain 
window can be experimentally determined. In addition, the TAS measurement 
provides the time evolution of the non-linear absorbance, such that the rate of 
the processes that quench the optical gain and hence the gain or inversion 
lifetime can be assessed. Moreover, since the concentration of the diluted 
sample has been preset, we can also calculate the material gain of the colloidal 
QDs. 
Figure 4.4 shows the transient absorbance at 630 nm of the flash colloidal 
QDs dispersed in toluene, after pumping with a 520 nm beam. The pump 
intensity is expressed in terms of the average number of excitations or the 
exciton density 〈𝑁〉 calculated per QD, using the photon fluence and the QD 
absorption cross section. The photon fluence is defined as the photon number 
incident per area. The absorption cross section σ of a QD can be derived from 
molar absorption coefficient ε, as the latter is correlated with the concentration 
of absorbers (in mol m
-3
), while the former is correlated with the number of 
absorbers per unit volume (in m
-3




𝜀 = 𝑉𝑄𝐷𝜇𝑖                                          (4.2) 
Hence we can use Eq. 4.2 to calculate σ by multiplying the intrinsic absorption 
coefficient 𝜇𝑖 with the QD volume [13]. The coefficient 𝜇𝑖 is measured at 350 
nm, and can be rescaled to a value at 532 nm using the absorbance spectrum. 





 @ 532 nm pump wavelength. 
From the measurement in Figure 4.4, we can observe that the gain has a rapid 
buildup, taking less than 1 ps, even when the pump intensity is just above the 
gain threshold. The gain can last up to 270 ps for the highest pump fluence we 
used. More importantly, from the TAS measurement in Figure 4.4(a), we 
estimate that the process caused the decay of the non-linear absorbance at the 
lowest fluence used has a rate constant of ~ 2 ns
-1
 (equivalent to a ~ 500 ps bi- 
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Figure 4.4: The time dependent dynamics of A at a fixed probe wavelength of 
630 nm after 520 nm excitation. We can see the optical gain builds up 
very fast (< 2 ps) and can last up to 270 ps. Importantly, from the TA 
traces, we estimate that the process that causes the decay of the non-
linear absorbance at the lowest fluences used has a rate constant of ~2 
ns-1 (500 ps bi-exciton lifetime). 
exciton lifetime) a considerable improvement compared to CdSe/CdS QDs 
without the alloyed interface (~ 350 ps) [12]. As we concluded in chapter 2, this 
improved biexciton lifetime is very favourable for lasing applications exploiting 
a gain process dominated by Auger recombination of the biexciton. 
As mentioned previously, since the concentration of the colloidal QD solution 
is preset before the TAS measurement, the nonlinear absorbance allows us to 
calculate the actual material gain in a quantitative way, using the equation below: 
𝑔𝑚(𝜆, 𝑡) = −𝐴(𝜆, 𝑡)
𝜇𝑖,0(𝜆𝑟𝑒𝑓)
𝐴0(𝜆𝑟𝑒𝑓)
                                 (4.3) 
We can obtain the final value by normalizing the non-linear absorbance using 
the intrinsic absorption coefficient at the reference wavelength 𝜆𝑟𝑒𝑓 , taken here 
as 350 nm. Figure 4.5 plots the thus calculated material gain spectrum at a 2.5 ps 
time delay for different pump fluences. It can be seen from the results that the 
gain is first attained at the long wavelength side (> 640 nm) of the absorption 
feature, when increase the exciton density beyond 1.2 excitons per QD. This 
observation is in line with the theoretical predictions of ref [14]. If we further 
increase the pump fluence, the gain increases and its spectrum broaden. 
Eventually, the gain window extends from 550 nm to 680 nm. The material gain 
levels off at maximum values of around 1200 cm
-1
 at 615 nm. The two 
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predominant peaks in Figure 4.5 come from two different transitions. When the 
QDs are pumped with higher fluence, there are high order multi-excitons, which 
corresponding to  the second peak around 575 nm. 
 
Figure 4.5: Material gain at 2.5 ps with 520 nm pump at different pump intensity, 
the total bandwidth can be as large as 130 nm reaching ca. 1200 cm-1 
at 615 nm.  
The TAS measurements demonstrate these QDs exhibit optical gain in 
solution. The single exciton and bi-exciton lifetimes can be extracted from the 
measurement, which can help us to analyze the laser’s threshold based on these 
types of colloidal QDs. The material gain can also be calculated from this 
measurement, which is also helpful for us to design the laser cavity. 
4.2 Waveguide modal gain measurement 
The TAS measurements from the previous section provide the detailed material 
gain coefficient of the colloidal QDs. But for the real application, the colloidal 
QDs usually are spin coated to form a compact layer rather than being dispersed 
in solution. Therefore, we should also verify the modal gain coefficient of such a 
compact layer if we want to design devices exploiting such compact layers. 
The optical gain coefficient of semiconductor material is usually measured by 
the variable stripe length (VSL) technique, as shown in Figure 4.6. This method 
has been firstly introduced during the 1970s. The big advantage of this widely 
used experimental method is that no special sample preparation is needed and 
samples on top of opaque substrates are equally suited for gain measurements. 
In addition, the basic model describing the technique is extremely simple: the 
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one-dimensional amplifier model [15]. However, the technique also has some 
limitations. Diffraction of the pump beam can lead to false gain values. More 
importantly, most of the significant ASE arises from the emitting elements near 
𝑧 = 𝐿, which experience the largest single pass gain. It is always assumed that 
𝛺(𝑧) ≅ 𝛺 = 𝑆/𝐿2, where S  is the collection area and L is the pump beam length. 
However, the z-dependence of 𝛺(𝑧) strongly affects the collection efficiency of 
the ASE signals. The condition 𝛺(𝑧) ≅ 𝛺  corresponds to the assumption of 
constant collection efficiency, a hypothesis which is satisfied for optical 
amplifiers based on optical fibers or ridge waveguides. But this is not fulfilled 
for planar waveguides, which is the case where this method is used most, where 
the modes spread in the slab waveguide plane introducing z dependence in the 
otherwise constant collection efficiency. In addition, inhomogeneous coupling 
can also arise as a result of an inappropriate choice of the numerical aperture of 
the collection optics used in the experiments. These inherent problems can make 
the results of the VSL measurement highly misleading. 
 
 
Figure 4.6: Sketch of the variable stripe length configuration. The amplified 
spontaneous emission intensity 𝐼𝐴𝑆𝐸(𝑧) is collected from the edge of 
the sample as a function of the excitation length z. The optical pump 
beam is usually focused on a thin stripe with a cylindrical lens. 
Adapted from ref [15]. 
Given this limitations, we aimed to improve the traditional VSL 
measurements by developing a waveguide based VSL measurement that solves 
these inherent problems. By replacing the planar slab waveguide with a ridge 
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waveguide, there is no need to consider the z dependent collection angle. Only 
the optical mode in the ridge waveguide can get amplified and later collected at 
the edge. The ridge waveguide surface area defines the pump area, which helps 
to limit the pump light diffraction problem. Moreover, the pump beam lengths 
are accurately defined by using ridge waveguides with variable length, which 
reduces the inaccuracy from the adjustable slit [16]. 
In the coming sections, we will present the sample fabrication, the 
measurement technique itself and the results of these improved waveguides 
based VSL modal gain measurement. 
4.2.1 Fabrication processes 
We fabricate ridge waveguides containing flash CdSe/CdS core/shell colloidal 
QDs with variable lengths. The samples are fabricated as shown in Figure 4.7.  
 
Figure 4.7: The fabrication flow of waveguides with variable stripe length. (a) a 
~ 100 nm thick L-F H-SiN is deposited on top of a silicon wafer with 
a 3 μm thermal oxide. Then the flash CdSe/CdS core/shell colloidal 
QDs are spin-coated on top of this SiN. (b) a ~ 100 nm thick M-F H-
SiN is deposited onto the colloidal QD layer. (c) Lithography is used 
to define the waveguides with variable stripe length. (d) Reactive ion 
etching (RIE) is used to define the waveguides. Note the sample is 
cleaved before etching. Oxygen plasma cleaning is then used to 
remove the residual resist. 
Starting from a silicon wafer with a 3 μm thermal oxide on top, first, a ~100 
nm thick SiN layer is deposited (L-F H-SiN layer is used for low optical loss, 
see chapter 3). Then the flash CdSe/CdS core/shell colloidal QDs are spin-
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coated on top of this SiN to form a densely packed layer with a thickness of 
around 50 nm, as shown in Figure 4.7(a). Later another layer of ~100 nm thick 
SiN layer is deposited onto the colloidal QDs layer to encapsulate and form the 
full sandwich layer stack, as shown in Figure 4.7(b). Here we choose the mixed 
frequency SiN. This mixed frequency SiN layer is used to help match the stress 
between the SiN and the colloidal QDs layer to avoid cracks.  This is illustrated 
in Figure 4.8 where we present the morphological results of SiN/QD/SiN layer 
stacks after the top ~100 nm SiN deposition using L-F and M-F. It has been 
observed experimentally that the L-F H-SiN layer deposited on the QD surface 
regularly induces wrinkles with a scale of tens of microns on the entire surface 
of the QD film as shown in Figure 4.8(a), due to the high compressive stress in 
this SiN film and the stress mismatch between the QDs layer and the top SiN 
layer. The wrinkled surface can be cracked and peele off easily by nitrogen 
blowing or wetting and is useless for further processes. On the other hand, the 
mixed frequency deposition results in a compact stack and a neat surface as seen 
in Figure 4.8(b), due to tensile stress in this M-F SiN layer. Moreover, this layer 
stack exhibits robustness mechanically and can survive further processes such as 
lithography, dry etching, and wet cleaning even under ultrasonic. It is also 
notable that there is no observable difference between H-F and M-F SiN 
deposited in our PECVD system. Contact lithography is used to define the 
waveguide as shown in Figure 4.7(c). Finally, reactive ion etching (RIE) is used 
to define the waveguides, as shown in Figure 4.7(d). Note that the samples are 
cleaved before the RIE etching to guarantee a uniform waveguide facet, which 
ensures a uniform coupling between the waveguide and the collection fiber.  
 
Figure 4.8: Optical microscope images of the surface morphologies of 
SiN/QD/SiN layer stack after deposition of top SiN at different 
PECVD frequency mode. (a) Low-frequency and (b) mixed-frequency 
modes. The scale bar is 50 μm. 
 
a b
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Figure 4.9: SEM picture of the fabricated sample. (a) The titled SEM picture 
showing the top SiN layer and waveguide side wall. (b) The cross 
section of the waveguide.  
Oxygen plasma cleaning is performed after the RIE etching, to remove the 
residual photo resist on top of the waveguide and the samples are ready for the 
final measurement. 
To check the quality of the SiN/QD/SiN layer stack and the etch profile, we 
made a scanning electron microscope (SEM) image and a cross section of 
fabricated samples, as shown in Figure 4.9. Figure 4.9(a) shows a tilted SEM 
image for the waveguide sidewall. We can clearly see the sandwich structure of 
the waveguide. The waveguide side wall is quite smooth and the waveguide is a 
little bit over etched. However, small steps at the interfaces of the different 
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layers can be seen. Figure 4.9(b) shows a cross section of the fabricated sample. 
The sample was prepared using focus ion beam milling under the protection of a 
Platinum (Pt) layer, deposited by electron and ion beams. It is obvious that a 
uniform layer of colloidal QDs with a thickness ~50 nm is perfectly embedded 
between the two layers of SiN.  
Figure 4.10 shows a microscope picture of the fabricated sample. The 
adjacent waveguides have a length difference 10 μm. We can also note from the 
image that the waveguides have uniform facets, which can guarantee a constant 
coupling between the waveguide and the collection fiber. 
 
Figure 4.10: Microscope image of the fabricated sample. The adjacent 
waveguide has a length difference 10 μm. Uniform facets can be seen 
from the picture. 
4.2.2 Waveguide modal gain measurement 
The characterization of the waveguide modal gain is performed with a 
femtosecond laser system. A Spitfire ACE laser can provide 110 fs pulsed at 1k 
Hz repetition rate with up to 4 mJ per pulse at 800 nm. A Beta Barium Borate 
(BBO) crystal is used to up convert some of the 800 nm light to 400 nm, which 
is then used to pump the waveguide with embedded QDs. A cylindrical lens 
focuses the pump laser beam into a line shape of around 8 mm by 40 μm to 
pump the waveguide. The beam is adjusted to overlap with the waveguide and 
the light emitted from the waveguide facet is collected by a multimode fiber 
(NA=0.2), which guarantee a spectrally broadband collection. Figure 4.11 is the 
scheme of the measurement setup. Note that a neutral density filter is used to 
tune the pump fluence. The beam is passed through a 50/50 beam splitter and 
one detector at one side is used to monitor the pump fluence/intensity. The beam 
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has been adjusted so that it pumps perpendicular to the surface of the sample. 
The emission collected by the multimode fiber can be either sent to the power 
meter to record the intensity or to the spectrometer. Note that the transmission 
beam from one port after focusing is measured to determine the actual power 
delivered to the sample surface. 
 
Figure 4.11:  Measurement setup. The pump laser beam is tuned using a neutral 
density (ND) filter. A 50/50 beam splitter is used to split the beam and 
one beam is send to a detector to monitor the beam fluence. A 
cylindrical lens is used to focus the beam into a rectangular shape to 
pump the waveguide. The emission from the waveguide is collected 
by a multimode fiber (NA=0.2) and send to detector to record the 
intensity or spectrometer to record the spectrum. 
To determine the power density of the pump beam, we used a beam profiler 
(BC106N from Thorlabs) to check the beam power distribution after focusing by 
the cylindrical lens. The laser output is a Gaussian-like beam, so after the 
cylindrical lens, for the x-axis and y-axis, the power distribution should still be 
Gaussian. So the intensity distribution can be written as: 










                              (4.4) 
𝜔𝑥  and 𝜔𝑦  are the waists of the beam in the x-axis and y-axis respectively, 
which can be measured using the beam profiler. Figure 4.12 shows the beam 
intensity distribution as measured and the fitted results. 
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Figure 4.12: The power distribution of the pump beam after the focusing 
cylindrical lens.  (a)The focused beam shape recorded by the CCD. (b) 
The field distribution along the X-axis. (c) The field distribution along 
the Y-axis. 
Since 𝑃𝑡𝑜𝑡𝑎𝑙  can be calculated as: 

















= 2𝜔𝑥𝜔𝑦𝐴𝑥𝐴𝑦𝜋                     (4.5) 
the maximum power density in the center of the focused beam can then be 
written as: 
𝑃𝑚𝑎𝑥 = 𝐴𝑥𝐴𝑦 =
𝑃𝑡𝑜𝑡𝑎𝑙
2𝜔𝑥𝜔𝑦
                                     (4.6) 
From the measurement shown in Figure 4.12, we can determine 𝜔𝑥  and 𝜔𝑦 , 
which are 1523 μm and 10 μm, respectively. By this beam power distribution 
measurement, we can link the power measured from the detector with the 
maximum power intensity in the center of the well-focused beam.  
We will first perform a power dependence measurement with a 4 μm wide, 
600 μm long waveguide. The measurement is performed with increasing pump 
fluence, whereby the emission intensity collected from the waveguide is 
recorded. The result is shown in Figure 4.13. 
82 CHAPTER 4 
 
Figure 4.13:  Power dependence measurement. The measurement is performed 
with a 4 μm wide, 600 μm long waveguide. The pump fluence for 
ASE onset is around 12 μJ/cm2. The black, blue and red line indicates 
the pump fluence we will use for the VSL measurement (56 μJ/cm2, 
34 μJ/cm2 and 30 μJ/cm2 ). 
From the measurement, a linear increase of the output power can be observed 
with increasing pump fluence, below the ASE onset pump fluence 12 μJ/cm2 @ 
400 nm. As soon as the pump fluence reaches the ASE onset pump fluence, a 
super linear increase of the output can be noted, which indicates the spontaneous 
emission gets amplified in the waveguide and the embedded colloidal QDs show 
an optical gain. And with further increased pump fluence, the waveguide output 
saturates. The reason is that the ASE intensity itself depletes the excitons, 
reducing the gain as the signal intensity builds up along the amplification axis. 
In Figure 4.13, we also indicate the three different pump intensities chosen to do 
the VSL measurement.   
Figure 4.14 shows the output spectrum collected from this 4 μm wide 600 μm 
long waveguide with a pump fluence of 54 μJ/cm
2
 @ 400 nm. The spectrum is 
approximately centered at 632 nm and exhibits a full width at half maximum 
(FWHM) of 6.5 nm. This is clearly narrowed down compared to the low fluence 
spontaneous emission spectrum (Figure 4.2), also indicative of ASE. We also 
note that the ASE peak develops at the high energy side of the spontaneous PL 
peak. The short wavelength gain in Figure 4.5 comes from the higher order 
multi-excitons in the QDs. We cannot observe these gain bands probably 
because the PECVD process damages the QDs a little bit, thus we can not have 
these high order multi-exciton gains. 
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Figure 4.14: The emission spectrum of a 4 μm wide 600 μm long waveguide 
with pump fluence 54 μJ/cm2 @ 400 nm. 
Figure 4.15 shows the measured output power versus the waveguide length 
with 3 different pump fluences.  The figure shows a pronounced super-linear 
rise in emission intensity for waveguides longer than ~ 280 μm and the emission 
saturates for waveguides exceeding ~ 400 μm.  
For traditional VSL measurement, there is a negligible reflection from the 




                                                     (4.7) 
where the 𝑔 is the modal gain, which can easily be fitted from the exponential 
increasing region. However, for our waveguide based VLS measurement, there 
is still some small reflection coming from the back facet and this reflection will 
get amplified and collected. So we should modified equation 4.7 by introducing 
R, which is the reflection of the back facet of the waveguide. With this R, the 
equation can be re-written into: 






𝑒2𝑔𝐿(1 − 𝑒−𝑔𝐿)]                                (4.8) 
Here, for R varying from 0 to 5% (for a perfect facet reflection), we could fit 
the measured result with a modal gain of around 279-169 cm
-1





 @ 34 μJ/cm
2
 and 350-212 cm
-1
 @ 56 μJ/cm
2
respectively. For this 
waveguide structure, the confinement factor is Γ=0.31 for the fundamental TE 
mode profile, which has been shown in Figure 4.15. The confinement factors are 
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0.313, 0.314, 0.316, 0.318, 0.321 and 0.325 for the TE1, TE2, TE3, TE4, TE5 and 
TE6 higher order modes respectively. We can translate our modal gain 







 @ 34 μJ/cm
2
 and 1129-684 cm
-1
 @ 56 μJ/cm
2
. 
Considering also a filling factor 0.5, which takes into account the organic 
ligands at the surface of the colloidal QDs, for 5% reflection, the pure material 
gain coefficient is derived to be around 1090 cm
-1




 @ 34 
μJ/cm
2
 and 1368 cm
-1
 @ 56 μJ/cm
2
, which agree quite well with the material 
gain obtained from the TAS measurement. 
 
Figure 4.15: Measured output power versus the waveguide length with 3 
different pumping fluences. The inset is the mode profile of the 
fundamental TE mode of the waveguide structure. 
4.3 DFB laser design, fabrication and 
characterization 
From the last section, we have demonstrated the hybrid colloidal QDs SiN 
waveguide can still show ASE with femtosecond pulse laser pump. That is a 
great step, as it shows our heterogeneous integration platform for colloidal QDs 
can not only preserve the photoluminescence properties but also preserve the 
light amplification properties. Hence, it is now straightforward to build micro 
optical cavities based on these waveguides to achieve on-chip lasers. A DFB 
type microcavity is an attractive choice, since it can provide single mode lasing 
with relatively low lasing threshold. In this section, we present the design, 
fabrication and characterization of a DFB type on-chip colloidal QD laser. 
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4.3.1 Laser cavity design 
The DFB lasers were fabricated starting from a 75 nm/50 nm/ 90 nm 
SiN/QD/SiN sandwich layer, details will be given below. First order gratings 
will be defined with a λ/4 phase shift section inserted in the middle to form the 
laser cavity. To optimize the grating parameters (etch depth, period), 3D finite-
difference time-domain (FDTD) simulations were carried out, from which we 
could determine the grating Bragg wavelength and stopband. The index of the 
SiN layer and the QD layer were measured using ellipsometry and found to be 
nSiN=2.0 and nQD=1.9. For the preliminary scan, the grating etching depth is 
fixed to 35 nm and a 50% duty cycle was assumed. The waveguide width was 
set at 2 μm.  
 
Figure 4.16: The simulated stop band of the grating has been shown in the 
picture as the region between the grey and red areas. The ASE 
spectrum has been inserted as a comparison for the grating periods 
choosing. 
Figure 4.16 shows the calculated grating band gap versus period. The gray and 
the red regions denote the upper and lower stopband areas respectively. The 
simulated photonic band gap is around 14 nm. The spectrum of the ASE from a 
waveguide with an identical SiN/QD/SiN stack is also inserted to compare. 
Clearly, we should carefully choose the grating period to ensure that the 
photonic band gap overlaps with the measured colloidal QDs ASE spectrum. 
Based on this argument,  a grating period of 188nm was chosen.  
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Figure 4.17: DFB optical cavity design. (a) The reflection spectrum with 
different number of periods. The grating period is 188 nm and the 
etching depth is 35 nm. The stopband is around 13.7 nm with 100 
periods of grating. (b) The reflection spectrum with different etching 
depth. The period is 188 nm and the number of periods is 100. With 
increased etching depth, the grating is becoming stronger, with higher 
reflection and wider stopband.  
The optimization of the DFB cavity is done by further scanning the device 
parameters. The reflection spectra with different number of periods have been 
simulated and the results are shown in Figure 4.17(a). The period is fixed to 188 
nm and etching depth is fixed to 35 nm. The simulated results indicate that with 
this grating period and etching depth, 100 periods can already provide around 
95 % reflection. The stopband is 13.7 nm wide. Figure 4.17(b) shows the 
reflection with different etching depth. The period has been fixed to 188 nm 
with 100 periods. The simulation shows that with increased etching depth, the 
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reflection becomes stronger and the stopband becomes wider, as expected from 
standard grating theory.  
4.3.2 Fabrication process 
Figure 4.18 shows the fabrication flow of the DFB laser. The layer stack with 75 
nm/50 nm/ 90 nm SiN/QD/SiN sandwich layer is prepared on top of a silicon 
wafer with a 3 μm thermal oxide layer grown on top. Like the waveguide 
samples prepared for the VSL measurement, the bottom SiN layer is deposited 
with the L-F H-SiN recipe, and the top SiN layer is deposited with M-F H-SiN 
recipe.  Next, electron-beam (Ebeam) lithography with AR-P 6200.09 resist, is 
used to define the DFB grating, as shown by Figure 4.18(b). Through CF4/H2 
RIE, the grating pattern is transferred to the top SiN layer, which is illustrated by 
Figure 4.18(c), after which the residual resist is stripped using oxygen plasma. 
Finally, the waveguide ridge is defined using standard contact lithography and a 
second RIE process like Figure 4.18 (d). 
 
Figure 4.18: Fabrication overview. (a) First, an L-F H-SiN layer is deposited on 
a silicon substrate with a 3 m thermal silicon oxide grown on top. 
Next, the QD layer is spin coated on top and another M-F H-SiN layer 
is deposited on the QD layer to encapsulate the QDs and form the 
hybrid SiN/QD/SiN stack. (b) Electron beam lithography to pattern 
the grating. (c) RIE etching to transfer the grating patterning to the 
top-SiN layer. (d) Contact lithography and RIE etching to pattern the 
waveguide. 
To take into account the uncertainties in the fabrication process, we fabricated 
DFB lasers with grating period varying from 180 to 195 nm on the same chip. 
After the fabrication, we performed SEM to check the quality of the fabricated 
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devices.  Figure 4.19 shows the tilted side SEM and a cross section taken in the 
phase shifter area. From Figure 4.19(a), we could see a well patterned grating on 
top of the waveguide with a phase shifter sitting in the middle. Figure 4.18(b) 
shows a grating with period 188 nm and etching depth around 35 nm, showing 
the value targeted for during the design is well achieved. At the back-side the 
laser are connected to a waveguide without grating, which ensures low residual 
reflections. The laser cavity length is approximately 100 μm. 
 
Figure 4.19: SEM graph of fabricated samples. (a) Tilted SEM picture near the 
phase shifter region. We could see a well patterned grating on top of 
the waveguide. (b) FIB cross section picture taken in the phase shifter 
region. The grating period is 188 nm and the etching depth is around 
35 nm as designed. 
4.3.3 Laser characterization 
4.3.3.1 Femtosecond laser pump 
We first characterize the DFB lasers’ properties using the femtosecond laser 
setup which has been previously used for the waveguide VSL gain measurement. 
The pump beam is still focused with a cylindrical lens and used to pump the 
laser. The emission from the waveguide facet was collected by a multimode 
fiber for analysis. The light (in)-light (out) curve for lasers with 188 nm grating 
period has been shown in Figure 4.20 (a). The curve shows a clear threshold 
around 12 μJ/cm
2
 @ 400 nm.  Figure 4.20 (b) shows the evolution of the 
spectral width (FWHM) under the different pump intensity. The spectral 
narrowing can be observed, which also indicates the device is working in the 
lasing region.   




Figure 4.20: (a) Light (in)-light (out) measurement on double linear scale for 
DFB laser with 188nm period. The pump laser is the same 
femtosecond laser used in the gain measurement. (b) The evolution of 
the spectral width (FWHM) under the different pump intensity. The 
inset is the spectra under different pump fluence. Note that the noise 
level is around 600. 
Figure 4.21(a) shows the emission spectra of three devices with varying grating 
period (pump fluence = 15 μJ/cm
2
 @ 400 nm). The ASE spectrum taken from a 
waveguide without grating is overlaid on top for comparison. The measured 
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spectra show the lasers are operating in a single longitudinal mode, with a high 
side mode suppression ratio. The three lasers exhibit 1 nm difference in grating 
period, which results in a 2.6 nm shift in the measured spectra, in line with the 
simulations (d/d=2.64). The lasing peaks have a 0.2 nm FWHM and fall 
within the ASE envelope.  
 
Figure 4.21: (a) Spectra measured from an unpatterned waveguide (black) and 
DFB lasers with different grating periods (colored).(b) Spectra 
measured from laser with 188 nm period at different pump fluence. 
The inset is the log-scale measured spectra under different pump 
fluence. 
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Figure 4.21b shows the spectra of the laser with 188 nm period at different 
pump fluence. The inset is the log-scale measured spectra under different pump 
fluence. The spontaneous emission stays the same with different pump fluence. 
Figure 4.22 shows the captured microscope picture of the laser under and above 
threshold. The left picture is the picture captured with pump power under the 
laser threshold. The right picture is the picture captured with pump power above 
the laser threshold. The scattered emission from the waveguide facet can be 
clearly seen from the right picture, which indicates the output from the laser. 
 
 
Figure 4.22: Captured microscope pictures of the laser under/above the threshold. 
(a) Under lasing threshold. (b) Above lasing threshold. 
For the waveguide patterning for the DFB laser, we have also tried to pattern 
the waveguide with shallow etching, which can avoid etching through the QDs 
layer. The purpose is to reduce the sidewall roughness, which leads to lower 
internal losses to obtain a higher Q for the cavity. However, in this case, the 
embedded QDs in the trench area provide strong background ASE, when the 
laser is pumped, which brings troubles for the lasing characterization. 
Some of the lasers with wider waveguide width (> 3 μm) and longer cavities 
length (> 300 μm) show multi-mode lasing with high pump fluence, which can 
be seen from the spectrum in Figure 4.23. Multi peaks can be seen from the 
spectrum, which indicates multi-mode lasing.  For the lasers with wide 
waveguide width, this multimode lasing can be attributed to the multi-mode 
supported by the wider waveguide [17]. With narrowed waveguide (< 2 μm) 
laser design, this multimode lasing is suppressed. For the long cavity length 
laser, the multimode lasing can be explained with lasing from different regions 
of the long cavities. This phenomenon comes from the high κ from the grating 
(see section 4.4.3.2). With the high κ long cavity, the laser can lase 
simultaneously in the different region of the grating which leads to a multimode 
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lasing. This multimode lasing can be eliminated with optimized laser cavity 
length.  
 
Figure 4.23: Multimode lasing with multi-peaks in the spectrum. The laser’s 
waveguide width is 4 μm width with a  400-μm cavity length. The 
grating period is 188 nm.  
4.3.3.2 Nanosecond laser pump 
To further investigate the laser performance, we used a Q-switched frequency 
doubled Nd:YAG laser (532 nm) with a 7 nanosecond pulse width and a 938 Hz 
repetition rate for pump. Again, the laser light was focused with a cylindrical 
lens to a rectangular pattern to pump the DFB lasers.  
  
Figure 4.24: Beam calibration for the nanosecond laser along x-axis (a) and y-
axis (b). The fitted results shows the 𝜔𝑥 is 1115 μm and  𝜔𝑦 is 26 μm. 
The well-focused beam’s power distribution has been again measured to 
accurately estimate the beam center’s power density. The measured results have 
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been shown in Figure 4.23. By extracting the data from the beam field 
distribution, we could estimate a beam size ~3.15 by 0.07 mm
2
. 
Figure 4.24 shows the power emitted from the cleaved facet measured as a 
function of pump fluence, respectively on a double linear (Figure 4.24(a)) and a 
double logarithmic (Figure 4.24(b)) scale. The linearly scaled graph shows a 
clear lasing threshold at 270 μJ//cm
2
. Taking into account the pulse length (7 ns), 
the equivalent CW pump fluence (power per pulse divide by the pulse time 
width) is then 39 kW/cm
2
. The experimental data of Figure 4.24(b) was fitted to 
a static rate equation model [18-20], from which, a spontaneous emission factor 
(β) of 0.009 was extracted.   
 
Figure 4.25: (a)The light(in)-light(out) curve on a double linear scale, with an 
indication of the lasing threshold around 270 μJ/cm2, which has an 
equivalent CW power density of 39 kW/cm2. (b) The light(in)-
light(out) curve on a double log-scale with rate equation fit (black 
solid). A spontaneous emission factor (β) 0.009 is extracted.  
The DFB laser’s κL, where κ is the coupling coefficient and L is the length of 
the DFB cavity, is a measure for the strength of the grating, was calculated to be 
16.7, using the equation [17]: 
𝜅𝐿 = √(




− 𝜋2                            (4.9) 
where Δλ is the stopband width, which can be deduced from the spontaneous 
emission spectrum with and without grating as shown in Figure 4.26, λbragg is the 
grating Bragg wavelength and neff is the effective index of the waveguide. The 
stopband is obtained from the measured spectrum deducted with the normalized 
ASE sepctrum. The large κL indicates our DFB grating provides strong feedback, 
contributing to the laser’s low threshold fluence.  
For this DFB cavity, the cavity photon lifetime can be defined using the 
equation below [17]: 
1
𝜏𝑝ℎ
= [𝛼𝑖𝑛𝑡 + 4 ∙ 𝜅 ∙ e
(−𝜅∙𝐿)] ∙ 𝑣𝑔                           (4.10) 
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whereby vg is the group velocity. The above equation indicates the cavity photon 
lifetime is dominated by the internal losses 𝛼𝑖𝑛𝑡. These could include waveguide 
scattering losses but also losses due to photon induced intraband transitions.  We 
can estimate 𝛼𝑖𝑛𝑡  to be of the order 2.5 - 20 cm
-1
, equivalent with a photon 
lifetime of 30 – 3 ps. 
 
Figure 4.26: Below threshold spontaneous emission spectrum from DFB-laser 
before (black) and after (red) normalizing with spectrum of 
unpatterned waveguide. 
4.3.4 Results analysis 
The measurement in section 4.1 shows the flash CdSe/CdS core/shell colloidal 
QDs we used for our laser exhibit a 2 ns
-1
 biexciton decay rate, corresponding to 
a 500 ps biexciton lifetime. Compared to this biexciton lifetime, our 7 ns pump 
actually can be considered as quasi-CW pumping. This observation allows us to 
use the model developed by Park YS et al. elaborated in Chapter 2 to analyze 
and predict the CW pump threshold of our device. This model links the average 




1 + 𝐽𝜎𝜏𝑥 + (𝐽𝜎)
2𝜏𝑥𝜏𝑥𝑥
                          (4.11) 
where τx and τxx are the single exciton and biexciton lifetimes and σ is the 
absorption cross section. For the QDs used, the single exciton lifetime is 26.8 ns 
as was derived in section 4.1. From the gain decay rate we estimated the 




@ 532 nm as mentioned in the previous section. By using this data, and 
assuming a 30 ps cavity photon lifetime, we can estimate a minimum lasing 
threshold pump fluence around 10.9 kW/cm
2
. If the cavity photon lifetime 
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reduces to 3 ps the theoretical lasing threshold pump fluence increases to 46.2 
kW/cm
2
. If we take into account that a fraction of the incident pump gets 





 falls right within this range. Figure 4.27 shows the effect of 
biexciton lifetimes 𝜏𝑥𝑥  on the lasing threshold. The plot indicates a rapid 
increase in the threshold intensity with decreasing biexciton lifetime.  
 
Figure 4.27: Effect of biexciton lifetime on lasing threshold. The CW lasing 
threshold is plotted as a function of biexciton lifetime 𝜏𝑥𝑥  with the 
532 nm wavelength pump. Different cavity lifetimes are plotted with 
different colors: 𝜏𝑐=0.1 ns (black); 𝜏𝑐=0.01 ns (red); 𝜏𝑐=0.002 ns 
(green);  𝜏𝑐=0.001 ns (blue). 
Previous reports showed colloidal QD lasers operating under nanosecond [7-8, 
21] and microsecond excitations [22]. Recently, CW-pumped lasing has been 
demonstrated from a device consisting of a colloidal QD coating on a photonic 
crystal DFB structure [23].
 
 Our work goes beyond these results by 
demonstrating a truly integrated QD laser operating under nanosecond pulsed 
excitation. This is altogether a remarkable feat as the 2 ns
-1 
decay rate for the 
gain makes 7 ns pump almost equivalent to quasi-CW operation. Theoretical 
modelling built from previous work [14] agrees well with our experimental 
results. There are several aspects that allow our DFB lasers to exhibit a low 
lasing threshold and to operate in a quasi-CW pump regime. Most importantly, 
the flash quantum dots we are using have a suppressed non-radiative Auger 
recombination rate, which is now well understood to be essential for lasing 
applications [14, 23]. Moreover, our optimized embedding process does not only 
preserve the emission properties of the QDs, but also enhances the coupling 
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between the QD emission and the optical mode of the cavity. In this way, by 
combining the QDs with a SiN PIC platform, on-chip optical micro-cavities with 
compact size and low optical loss are achieved. 
To further reduce the laser’s lasing threshold, there are several ways that we 
can work with. One is to use QDs with further increased biexciton lifetime. This 
could still substantially reduce the lasing threshold. The other one is using 
optical cavities with even higher optical Q [24]. Also some other techniques 
might further improve the QD laser performance. Using inorganic-halide-capped 
QDs et al [22]
 
could increase the packing density in the active layer, resulting in 
a higher modal gain and better thermal conductivity. Alternatively a ZnS-shell 
could be used to cap the current QDs and better preserve their optical properties 
after encapsulation into the SiN layer stack.  It may also be relevant to provide 
on-chip heat sinking structures to avoid local heating that quenches the QD 
emission. 
Even without these possible improvements, the laser equivalent CW threshold 
that we currently observe is at the same level as that of III-V semiconductor 
lasers epitaxially grown on silicon [9].
 
This opens strong prospects in terms of 
CW operation and, consequently, an extended application potential.  One could 
now realistically envision CW-pumped on-chip integrated lasers using colloidal 
quantum dots as the gain medium.  The intrinsic combination with the mature 
SiN-waveguide platform then immediately opens the path towards more 
complex devices such as tunable lasers and arrays of single mode lasers or 
integration with passive structures such as on-chip spectrometers. This in turn 
will enable applications such as on-chip biosensing, absorption spectroscopy and 
Raman spectroscopy that now require off-chip sources and complex optical 
coupling approaches [25,26]. 
4.4 Gain-coupled DFB laser design, fabrication and 
characterization 
For many practical applications, stable single mode lasers are preferred. In this 
case, the favorite candidates are DFB lasers, in which the optical feedback 
required to initiate laser oscillation is provided by coherent reflection from 
periodic variation of the refractive index. The laser oscillations will occur only 
at wavelengths consistent with the Bragg condition, which exhibits a 
considerable spectral selection. In the coupled wave model used first by 
Kogelnik and Shank [26] to analyze the DFB laser operation near threshold, a 
parameter of major importance is the coupling coefficient κ. This parameter κ, 
which describes the amount of power transferred between the two contra-
directional waves propagating along the laser, determines both the threshold 
gains and the oscillation frequencies of the longitudinal modes excited within 
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the laser. Kogelnik and Shank presented and discussed numerical results which 
describe the properties of these modes in two special cases. One is index-
coupling, when the real part of the refractive index varies periodically and κ is 
real. The other one is gain-coupling, when there exists a periodic variation of the 
gain and κ is imaginary.  
In real-world devices, one problem of the perfectly AR (anti-reflection)-
coated index-coupled DFB laser is that it supports two degenerate modes, lying 
symmetric around the Bragg frequency [26]. One solution to this problem is the 
use of non-AR coated facets. This method, however, causes a yield problem 
associated with the uncertainty of the facet phases [27]. Another widely used 
solution is the introduction of a λ/4 phase shifter in the center of the cavity. For 
perfect AR coatings, these lasers show a high yield. A drawback with this phase 
shifter technique, however, is the high level of spatial hole burning (SHB) 
caused by the phase shifter [28]. This can be reduced by modulation of the stripe 
width [29] or introducing multiple phase shifters. The latter type of laser has 
been extensively studied for various facet reflectivities and position of the phase 
shifters in [30]. 
According to coupled mode theory, a gain-coupled optical feedback laser 
works better than an index-coupled optical feedback laser and is predicted to 
operate more stable in a single longitudinal mode. Such gain-coupled optical 
feedback is immune to facet reflection. Also, it has been shown that even a small 
degree of gain coupling enhances the performance considerably in terms of 
threshold gain difference between the different modes and removes the 
degeneracy of the AR-coated DFB lasers. Moreover, complete elimination of 
SHB is possible. The consideration of SHB is important because this 
nonlinearity has a strong effect on various performance aspects of DFB lasers. It 
has been found both experimentally [28] and theoretically [31] that lasers can 
become multi-mode at low and moderate power levels due to strong SHB. 
Moreover, it can give rise to a less flat FM response [32], an increased linewidth 
[33], and nonlinearities of the LI curve. The latter property is crucial in optical 
communication analog systems where low harmonic distortion is desired [34]. 
The standard fabrication of gain-coupled DFB lasers involves patterning 
periodical structures into the gain layer. For traditional III-V materials, the 
etching required to form these periodical gain sections will introduce defects and 
these defects will degrade the performance of the gain material of the laser. 
Some gain-couple III-V DFB lasers are experimentally demonstrated with active 
layers growing on the surface of the pre-patterned gratings, as shown in Figure 
4.28 [35]. However, several epitaxy steps are needed, which leads to a 
complicated fabrication process. 
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Figure 4.28:  Schematic drawing of the longitudinal cross section of the gain-
coupled DFB laser structure. Adapted from ref [35]. 
The use of colloidal QDs as the gain material can overcome this problem. As 
we mentioned at the beginning of this chapter, they are nanocrystal materials 
synthesized in a solution phase at low cost. They can be easily deposited on top 
of a substrate without expensive epitaxial deposition techniques. Simple 
traditional lift off methods can be used to pattern the colloidal QDs layers on top 
of the substrate surface with high accuracy. In this section, we, therefore, present 
the fabrication and characterization of a gain-coupled DFB type on-chip 
colloidal QDs laser. 
4.4.1 Fabrication process 
Figure 4.29 shows the fabrication flow of the gain-coupled DFB laser. Like the 
previously index-coupled DFB laser, a layer of 100 nm L-F H-SiN is deposited 
on top of a silicon wafer with 3 μm thermal oxide grown on top. Later, Ebeam is 
used to pattern a grating for the QD layer lift off process. Note that there is no 
phase shifter in the middle of the grating. Then a compact colloidal QD layer is 
spin-coated on top of the patterned grating, followed by a lift off process. The 
layer thickness is around 50 nm. A periodically structured gain layer is formed. 
Another layer of 100 nm M-F H-SiN is deposited on top to encapsulate the 
colloidal QDs and is followed by standard contact lithography and a second RIE 
process to define the waveguide.  
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Figure 4.29: Fabrication overview. (a) First, an L-F H-SiN layer is deposited on 
a silicon substrate with a 3 m thermal silicon oxide grown on top. (b) 
Ebeam is used to pattern the grating for the lift off process. (c) 
Colloidal QD layer is spin-coated on top of the sample followed by a 
lift off process. Periodically structured gain layer is formed. (d) 
Contact lithography and RIE etching to pattern the waveguide. The 
gain sections are buried in the waveguide periodically to form the 
gain-coupled DFB laser. 
We first used a silicon wafer to test the lift off process with the spin-coated 
colloidal QD layer. AR-P 617.06 from Allresist GmbH is used as the Ebeam 
resist. The resist is 290 nm thick, with 4000 rpm spin coating. After the 
development, a colloidal QD layer is spin coated on top. The sample has been 
put into acetone for around 8 hours to remove the Ebeam resist. SEM is used to 
check the lift off process quality afterwards.  Figure 4.30 shows the SEM graph 
of the sample. Figure 4.30(a) shows the overall look of the patterned grating 
after the lift off. A well patterned grating can be seen. A close check of the 
detailed grating pattern is presented in Figure 4.30(b). The grating period is 200 
nm as designed. A clean substrate can be seen without any residual colloidal 
QDs on the grating trench area, indicating a good lift off process. 
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Figure 4.30:  SEM quality checking for the colloidal QDs layer lift off. (a) The 
overall of the patterned grating. (b) The detail check of the patterned 
grating. A 200 nm period is achieved as designed with no residual 
colloidal QDs in the grating trench region. 
We later use the same lift off process to pattern colloidal QDs layer on top of 
SiN for the gain-coupled DFB laser. To take into account uncertainties in the 
fabrication process, we fabricated devices with grating period varying from 176 
to 190 nm on the same chip. The laser cavity is around 100 μm long. Figure 4.30 
shows a top view and a cross section of the fabricated sample. Figure 4.30(a) is 
the tilted sidewall SEM image of the fabricated 4 μm wide laser. The trench area 
can be seen to be non-uniform, which comes from the different etching  
 
Figure 4.31:  SEM picture of the fabricated gain-coupled DFB laser. (a) The 
tilted sidewall of the fabricated sample. (b) The cross section picture 
of the fabricated sample. 
speed in the regions with and without embedded colloidal QDs. The top surface 
of the laser is also not very smooth, which comes from the height difference 
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introduced by the embedded colloidal QDs. Figure 4.30(b) shows the cross 
section of the fabricated DFB laser. Gaps between the colloidal QDs layer can 
be seen, which indicates the SiN layer did not fill in the grating trench 
completely. This introduces a variation of the real part of the refractive index. 
4.4.2 Gain-coupled DFB laser characterization 
The same Q-switched frequency doubled Nd:YAG laser (532 nm) with a 7 
nanosecond pulse width and a 938 Hz repetition rate was used to characterize 
the gain-coupled DFB laser. The beam has been again focused by a cylindrical 
lens to form a rectangular shape to pump the DFB laser.  
Figure 4.30 shows the power emitted from the cleaved facet measured as a 
function of pump fluence, respectively on a double linear (Figure 4.31(a)) and a 
double logarithmic (Figure 4.30(b)) scale. The linearly scaled graph shows a 
clear lasing threshold at 950 μJ/cm
2
. Taking into account the pulse length (7 ns), 
the equivalent CW pump fluence (power per pulse divided by the pulse time 
width) is then 135.7 kW/cm
2
. The experimental data of Figure 4.31b was fitted 
to a static rate equation model [17-19], from which, a spontaneous emission 
factor (β) of 0.007 was extracted.  This threshold pump fluence is higher than for 
the index coupled laser.  There could be different possible explanations for this 
higher threshold. One possibility is that the gain-coupled DFB lasers have a  
lower 𝜅 which leads to a higher threshold but also less spatial hole burning. 
Another possibility comes from these air cavities formed by the deposition (as 
shown in Figure 4.30(b)), which might leads to a lower optical cavity Q. 
Figure 4.32 shows the emission spectra of three devices with varying grating 
period (pump fluence = 1100 μJ/cm
2
 @ 532 nm). The measured spectra show 
the lasers are operating in a single longitudinal mode,. The three lasers exhibit 2 
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Figure 4.32: (a)The light(in)-light(out) curve on a double linear scale, with an 
indication of the lasing threshold around 950 μJ//cm2, which has an 
equivalent CW power density of 135.7 kW/cm2. (b) The light (in)-
light (out) curve on a double log-scale with rate equation fit (black 
solid). A spontaneous emission factor (β) 0.007 is extracted.  
 
Figure 4.33: Emission spectra of three devices with a varying grating period 
(pump fluence = 1100 μJ/cm2 @ 532 nm).pectra measured from 
DFB lasers with different grating periods. 
4.4.3 Conclusion 
In this section, we have demonstrated gain-coupled DFB lasers using a 
periodically patterned layer of colloidal QDs as the gain layer. The measured 
spectra show the lasers are operating in a single longitudinal mode, without the 
need for introducing a phase shifter in the middle. Compared with previous III-
V gain-coupled DFB lasers, the use of colloidal QDs as a chemically 
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synthesized gain material allows to achieve periodical structures without etching 
and without the need of complex epitaxial techniques. This shows the flexibility 
of colloidal QDs and points towards their application potential as a paint-on gain 
material for various substrates. 
However, there is still room to further improve the performance of the 
colloidal QDs gain-coupled DFB laser. Limiting the patterned colloidal QDs 
sections to the region within the laser ridge will reduce sidewall roughness and 
hence internal losses of the device.  An improved SiN deposition process and a 
chemical mechanical polishing (CMP) process can be used to planarize the top 
surface of the laser, further reducing the losses. 
4.5 Colloidal nano-platelets integration 
Unlike the sphere type colloidal QDs discussed thus far, which are usually at the 
size ~10 nm and can be considered as zero dimensional nanocrystals, the 
recently developed colloidal nano-platelets (NPLs) are synthesized in a way that 
these nanocrystals are more like two-dimensional quantum wells. Here, in these 
types of nanocrystals, the energy levels are quantized in only one direction, 
which imposes a stricter momentum conservation rule for Auger recombination 
compared to zero dimensional colloidal QDs [36]. Time-resolved optical 
measurements have shown that high-energy carriers in NPLs relax to the band 
edge on time scales much faster than carrier recombination times, as needed for 
stimulated emission and lasing [37], which makes these NPLs promising for use 
as low threshold gain materials [38].  
In this section, we will show that the hybrid SiN colloidal QDs integration 
platform developed for colloidal QDs integration can also be used for other 
colloidal nanocrystals like NPLs. We use CdSe NPLs, which have been 
demonstrated to exhibit optical gain in solution phase, and try to combine these 
NPLs with our SiN platform. We will show the NPLs can be embedded into SiN 
layer stacks while preserving their luminescence properties and stimulated 
emission. Waveguide based VSL measurements have been performed to 
determine the optical modal gain coefficient of the NPLs embedded in the SiN 
layers.  
4.5.1 Transient Absorption Spectroscopy for the NPLs8 
CdSe NPLs with a thickness of 1.21 nm (4 monolayers of CdSe) were 
synthesized according to the procedure outlined by Ihturria et al. [39]. Their 
                                                          
8
 Synthesis is carried out by Renue Tomar. Transient absorption spectroscopy is done by 
Renu Tomar and Pieter Geiregat from the PCN group UGent. 
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lateral dimension was measured using transmission electron microscopy (TEM) 
(as shown in Figure 4.33(a)) and found to be around 34 by 9.6 nm
2
. Hence the 
Bohr diameter of ca. 2 nm [40] is exceeded in both lateral dimensions leading to 
overall weak quasi-2D confinement. Figure 4.33(b) shows the absorption and 
emission spectrum of the sample dispersed in n-hexane. As is common for direct 
gap II-VI semiconductor quantum wells, two excitonic features are observed and 
attributed to the heavy (HH, 510nm) and light hole (LH, 480 nm) excitons [41]. 
The spontaneous photoluminescence shows no Stokes shift indicating the 
absence of any phonon-coupling. [42] 
 
Figure 4.34: (a) Transmission Electron Microscope (TEM) image of 4 
monolayers thick CdSe nano-platelets with an average lateral area of 
34 by 9.6 nm2. (b) Photoluminescence (blue) linear absorption 
spectrum (black) of CdSe NPLs dispersed in hexane, normalized to 
represent the intrinsic absorption coefficient. 
A TAS measurement has been carried out to characterize the spectroscopy 
under low-excitation conditions. We use absorbance A (= ∆A + A0) to quantity 
the optical gain development. Figure 4.34(a) shows a false color map showing 
only the region where A < 0 upon photo-excitation with 400 nm light and a 
fluence creating ⟨𝑁⟩ = 10, corresponding to 45 µJ/cm2. We observe that the 
absorbance turns negative in a band stretching from 525 to 560 nm and then 
narrows down and vanishes after ca. 100 ps. Figure 4.34(b) shows a map of the 
photoluminescence under similar excitation conditions. Asymmetric broadening 
towards lower energy (longer wavelengths) is observed, vanishing on a 
timescale similar as the net gain. Figure 4.34(c) shows spectral cuts for varying 
carrier densities at 2.5 ps of (a) and (b), where the absorbance is translated into 
an intrinsic absorption coefficient. Similar to the concept of negative absorbance 
implying gain, we can also relate this negative value for 𝜇𝑖  to optical gain. 
Figure 4.34(d) summarizes the gain threshold, expressed in photo-generated 
electron-hole pairs per platelet at time zero, as funa ction of the probe 
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wavelength. Remarkably, the number of electron-hole pairs required to achieve 




Figure 4.35: Overview of pump-probe and luminescence spectroscopy under 
low-excitation conditions. (a) 2D time-wavelength map of the 
negative part of the absorbance A(λ,t), for photo-excitation at 400 nm 
with 45 μJ/cm2, creating ⟨𝑁⟩ = 10  electron hole-pairs at time zero. 
The gain is red shifted from the HH exciton peak at 510 nm and 
initially extends from 528 nm to 570 nm, only to narrow down and 
vanish after ca. 100 ps. Note that the gain spectrum extends up to 250 
meV redshifted from the HH exciton line. (b) Photoluminescence as 
function of wavelength and time for similar excitation conditions as 
(a). A clear asymmetric broadening towards longer wavelengths is 
observed at early times, vanishing on a timescale similar to the net 
gain in (a). (c) At 2.5 ps, we take horizontal cuts from data sets as 
shown in (a) and normalize them appropriately to represent the 
intrinsic absorption coefficient 𝜇𝑖  for increasing pump fluence 
expressed as ⟨𝑁⟩. The shaded region indicates the gain band where 
intrinsic gain up to 1000 cm-1 is achieved for densities of 10 electron 
hole pairs per platelet. Bottom spectra show the photoluminescence 
spectra at 2.5 ps showing an increased contribution from a red-shifted 
(lower energy) component. Note that the gain spectrum 𝜇𝑖<0 overlaps 
perfectly with the region of increased PL bandwidth. (d) Threshold 
density of electron hole pairs for net optical gain to occur at a given 
wavelength. The minimum density is 5.3 (±0.3) and remarkably no 
gain is achieved at the position of the HH exciton line itself.  Ffigures 
courtesy Renu Tomar 
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4.5.2 Waveguide modal gain measurement 
We fabricate ridge waveguide with variable lengths containing these NPLs. 
The samples are fabricated following the process shown in Figure 4.7 replacing 
the spin coated colloidal QDs by NPLs. Here we use 2000 rpm spin coating to 
obtain a ~60 nm thick NPLs layer. Also, note that the NPLs we used have 4 
monolayers of CdSe without any shell structures. We found that the M-F H-SiN 
deposition quenches the photoluminescence, probably due to the high chamber 
temperature. Therefore, here we use a top M-F L-SiN (120C) layer to 
encapsulate the NPLs layer to avoid material damage due to the chamber 
temperature. 
Compared with SiN samples with flash colloidal QDs, the top surface of the 
sample with embedded NPLs is rougher.  Figure 4.35 shows the comparison of a 
sample with flash dots and NPLs under the microscope. Note that compared 
with Figure 4.35(a), the color of the surface of the NPL (Figure 4.35(b)) sample 
is not uniform, indicating none uniform layer thickness. This roughness comes 
from the NPLs layer. Spin coating cannot guarantee a smooth surface for NPLs 
layer. 
 
Figure 4.36: The microscopy picture comparison. (a) SiN stack sample with 
embedded flash dots. (b) SiN stack sample with embedded NPLs 
A sample with 4 µm wide waveguides with variable length is fabricated. To 
check the quality of the layer stack and the etching profile, we made SEM 
images and a cross section of fabricated samples, as shown in Figure 4.36. 
Figure 4.36(a) shows a tilted SEM image of the waveguide sidewall. The 
waveguide side wall is quite smooth. However, small steps at the interfaces 
between the top SiN layer and the middle NPLs layer can be seen. Figure 4.36(b) 
shows a cross section of the fabricated sample. The sample was prepared using 
focus ion beam milling under the protection of a Platinum (Pt) layer, deposited 
by electron and ion beams. It is obvious that alayer of NPLs with a thickness 
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~60 nm is perfectly embedded between the two layers of SiN. The top and 
bottom SiN layer thickness is around 100 nm. 
 
Figure 4.37: SEM picture of the fabricated sample. (a) The titled SEM picture 
showing the top SiN layer and waveguide side wall. (b) The cross 
section of the waveguide.  
The sample is again pumped with the femtosecond laser system used in 
Chapter 4.2.2.  Figure 4.37(a) is the ASE spectrum collected from the 
waveguide facet. The result shows an emission centered around 533.5 nm with 
an FWHM of 5.1 nm. Figure 4.37(b) shows the measured output power versus 
the waveguide length with a pump fluence around 440 µJ/cm
2
.  The figure 
shows a pronounced super-linear power increase as a function of waveguide 
length and the emission saturates for waveguides exceeding ~ 90 μm. If we 
consider a 5% reflection from the waveguide back, a confinement factor Γ = 
0.33 and a volume fraction f around 0.3; we can estimate the material gain to be 
around 3500 cm
-1
. The results show the NPLs have higher gain coefficient 
compared with the flash colloidal QDs, with a gain threshold at the same order.  
The intrinsic absorption coefficients μi are strongly thickness and aspect ratio 
dependent. The platelets’ intrinsic absorption coefficients are 3-4 times higher 
than the QDs. That means the platelets can absorb more to create more excitons 
with the same pumping condition [43]. 
A recent result from [44] shows a room temperature CW lasing by using the 
CdSe/CdS core-shell NPLs. In their work, the large gain from the NPLs enables 
lasing using short 1D photonics crystal cavities with a threshold input power less 
than 1 µW. This work proves the NPLs lasing applications potential. It also 
gives the potential to use them as gain media to realize on-chip short cavities 
lasers with our hybrid  SiN waveguide platform. 
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Figure 4.38: (a) Emission spectrum of a 4 μm wide 100 μm long waveguide with 
pumpfluence 440 μJ/cm2 @ 400 nm. (b) Measured output power 
versus the waveguide length with pump fluence 440 μJ/cm2 @ 400 nm. 
4.5.3 Conclusion 
In this section, we have demonstrated that our hybrid SiN platform can also be 
used for integration of other colloidal gain materials such as NPLs. The NPLs 
can be embedded into SiN layer stacks without quenching their luminescence 
and light amplification properties. Using our waveguide based VSL 
measurement method a material gain around 3500 cm
-1
 was extracted. This large 
intrinsic material gain can potentially enable short cavity lasers. 
The NPLs we used consist of just a 4 monolayer CdSe layer with organic 
ligands. Their luminescence tends to be quenched using a 270C PECVD 
chamber temperature. However, with a lower 120C PECVD chamber 
temperature, their luminescence is well preserved. A CdS shell could be used to 
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cap the current NPLs and better preserve their optical properties after 
encapsulation into the SiN layer stack.  
4.6 Conclusion 
In this chapter, we present the work using colloidal QDs as gain material. The 
gain coefficient of the embedded colloidal QDs has been first measured using a 
improved waveguide based VSL methods. Later, we have shown the TAS 
measurement results of the flash CdSe/CdS colloidal QDs. The alloyed interface 
between the CdSe core and CdS shell in these CdSe/CdS QDs suppress the 
Auger process. This improves the performance of the colloidal QDs with a 
longer bi-exciton lifetime, which is beneficial for lowering the lasing threshold.  
Later, a DFB based laser is designed, fabricated and characterized. The laser 
shows a quasi-CW pump threshold around 39 kW/cm
2
. This measured threshold 
is at the same level as that of III-V semiconductor lasers epitaxially grown on 
silicon.
 
This opens strong prospects in terms of CW operation and, consequently, 
application potential. To be fair, it is actually far from trivial to demonstrate 
beyond any doubt that observed behavior is lasing and not just amplified 
spontaneous emission.  However, we believe we have very strong indications 
this is indeed laser operation. Following the laser checklist now provided by 
Nature Photonics [44], the following indications for laser operation are listed: 
 Strong increase in output power. As shown in Figure 4.20 (a) and Figure 
4.25, we see a clear threshold and strong increase of output power 
 Spectral narrowing.  As shown in Fig 4.20 (b) we see strong linewidth 
narrowing around the threshold.  Above the threshold, further linewidth 
narrowing  is limited by the length of the lasing pulse (under fs excitation) 
or due to transient carrier disperstion effects (under ns operation). As is 
shown for a similar device [45] the emitted pulse length above threshold 
reduces to a ~ 10 ps.  This is in agreement with the measured linewidth 
above threshold (~ 0.2 nm) 
 High output power. We estimate the equivalent output power of the laser 
to be around 100 mW (The laser gives around -60 dBm average output. If 
we consider the 1000 Hz repetition rate from the pump source, and the 
pulse length around 10 ps, we are having a 100 mW average output) 
 SE-clamping. We have some indication the SE besides the laser mode is 
clamped above threshold in Figure 4.21 (b), indicating the gain is 
clamped to its threshold level. 
 We also present the design, fabrication and characterization of a gain- 
coupled DFB laser based on colloidal QDs. The gain-coupled laser shows single 
mode lasing under nanosecond laser pump without the phase shifter in the 
middle of the laser cavity. At the end of this chapter, we have also shown that 
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this hybrid SiN colloidal QDs integration platform can also be used for a new 
class of solution processed nanomaterials, i.e. NPLs. These NPLs can be 
embedded into SiN layer stacks without quenching their luminescence and light 
amplification properties. The NPLs shows higher optical gain coefficient with 
the same gain threshold compared with flash CdSe/CdS colloidal QDs. This 
gives application potential to realize lasers with shorter optical cavities with our 
hybrid SiN waveguide platform. However, NPLs still shows some disadvantages. 
The NPLs are not as robust as flash CdSe/CdS colloidal QDs. Their 
luminescence tends to quench with high temperature. Also, spin coating cannot 
provide a uniform layer for NPLs. This brings challenges to realize high quality 
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Solid state photon emitters which can provide single photons on-demand are an 
essential building block in photonic quantum technology. Currently, there are 
several options in terms of material platform to realize single photon generation. 
The platforms include color centers or defects in crystalline hosts [1-3], carbon 
nanotubes [4], transition metal dichalcogenides [5] and epitaxial [6-8] and 
colloidal semiconductor nanocrystals or quantum dots [9-12]. As already 
discussed in Chapter 2, colloidal QDs are promising candidates since they offer 
extensive design freedom in terms of the synthesis as well as room temperature 
operation. The emission wavelength of colloidal QDs can be readily tuned by 
changing their diameter. Moreover, colloidal synthesis methods offer extensive 
control over the QD size and shape, which enables complex heterostructures to 
be formed.  
Room temperature photon anti-bunching in the luminescence of single 
colloidal QDs was first reported for CdSe/ZnS core/shell QDs. This observation 
was attributed to the efficient, non-radiative Auger recombination of the multi-
excitons [13-14]. This enabled the emission of a single photon to be triggered by 
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a high-intensity excitation pulse, with a near-unity probability of photo-
excitation and a high-purity single photon emission [9-10].  
The characterization of these dots is usually done by diluted solution spin 
coating to a glass substrate. This approach relies on the possibility to find single 
QD on the substrate, lacking accurate control of the position of the single QDs. 
In addition, most of the emission from the single QD goes to the free space and 
can only be collected with microscopy systems.  
PICs, originally developed mainly for telecom applications, are now also 
finding widespread application in domains as diverse as bio-sensing [15], 
spectroscopy [16] and quantum optics [17-18]. For large-scale quantum optic 
circuits, PICs can enable complicated quantum information processing [19]. 
Other than early experimental demonstrations of quantum optics, which relied 
on bulky optical components, a PIC platform for integrated quantum optics can 
not only improve the thermal and mechanical stability but also has advantages in 
term of scalability. However, a glass substrated waveguide platform that allows 
efficient collection of the emission from a single dot is hard to achieve to realize 
further large-scale PIC aiming for more complicated quantum information 
processing.  
In Chapter 3, we have demonstrated a low loss SiN waveguide platform for 
colloidal QDs integration. By combining this waveguide platform with 
individual colloidal QDs, we could realize on-chip single photon sources.  
Previously, Weiqiang Xie and et al. have demonstrated using high-quality LB 
deposition and a residue-free life off the process to pattern single colloidal QDs 
onto substrate [20]. With this process, single dot patterning of colloidal QD 
films can be realized. The experiment shows feature sizes down to ~30 nm for a 
continuously uniform film of QDs and a yield up to 40% for single QD 
positioning can be obtained.  Figure 5.1 shows the SEM picture of lift off results 
with LB colloidal QDs layer deposition, using ~ 33 nm thickness resist with 
pattern holes ~ 31.6 nm in diameter. The 5 by 5 grid image has the same scale 
bar of  50 nm, which has been shown in Figure 5.1.  
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Figure 5.1: SEM picture of lift off results with LB colloidal QDs layer 
deposition, using ~ 33 nm thickness resist with pattern holes ~ 31.6 
nm in diameter. The 5 by 5 grid image has the same scale bar of 50 
nm. The scale bar has been put at the right bottom corner. Adapted 
from ref [20]. 
To integrate single colloidal QD directly on a photonic chip, a major 
challenge also consists in efficiently coupling the emission from the single QDs 
into a single guided mode [21]. This is seen by many as stumbling block 
precluding the usage in practical implementations. Using FDTD simulations, the 
emission from dipole-like nanometer-sized inclusions embedded into different 
silicon nitride photonic waveguide designs was studied by Suzanne Bisschop 
and et al. [21] The simulations show that, for suspended strip waveguides, one 
can simultaneously achieve a good coupling factor up to β = 60% and a high 
polarization ratio up to βy/β=95%, as shown in Figure 5.2. For suspended slot 
waveguides, a higher coupling factor up to β= 65% is achievable in combination 
with a similar polarization ratio up to βz/β=96%, as shown in Figure 5.3. Note 
here the x-axis is the light propagation direction, y-axis is parallel to the 
waveguide surface plane, z-axis is perpendicular to the waveguide surface plane. 
βy/β denotes the ratio of the TE components over all the coupled emission; βz/β 
denotes the ratio of the TM components over all the coupled emission. 
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Figure 5.2: The coupling factor and polarization ratio for a suspended SiN 
waveguide with a dipole-like emitter in the middle of the waveguide. 
(a) Total coupling factor β to the guided modes as a function of the 
waveguide width W for two different waveguide heights H = 100 nm 
(red) and 220 nm (blue). (b) Polarization dependent coupling factors 
βy (dashed line) and βz (plain line) as a function of the waveguide 
width W for two different waveguide heights H = 100 nm (red) and 
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Figure 5.3: The coupling factor and polarization ratio of a suspended SiN slot-
waveguide with a dipole-like emitter in the middle of the waveguide.. 
(a) Total coupling factor β to the guided modes as a function of the 
waveguide width W for two different waveguide heights H = 300 nm 
(red) and 500 nm (blue). (b) Polarization dependent coupling factors 
βy (dashed line) and βz (plain line) as a function of the waveguide 
width W for two different waveguide heights H = 300 nm (red) and 
500 nm (blue). Adapted from ref [21]. 
As mentioned above colloidal CdSe/CdS core-shell QDs have been shown to 
be a potential candidate as single-photon emitter in the visible wavelength range 
[9-10,13]. Vigneshwaran Chandrasekaran and et al. from the PCN group have 
demonstrated anti-bunching for the flash core-shell CdSe/CdS colloidal QDs, 
spincoated on a glass substrate at room temperature, as shown in Figure 5.4 [22]. 
The second order intensity correlation function is generally used to determine 
the quality of the single photon sources, as has been already discussed in 
Chapter 2.2. For an ideal single photon source, 𝑔(2)(0) = 0 . From the 
measurement in Figure 5.4,  𝑔(2)(0) = 0.1  can be extracted which indicates 
quite good anti-bunching, both for continuous and pulsed excitation. 
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Figure 5.4: Anti-bunching established with both continuous and pulse excitation 
proving that the flash CdSe/CdS core/shell QD is a good single photon 
emitter. Adapted from [22]. 
Combining the work described above, we believe an on-chip single photon 
source exploiting colloidal QDs is feasible. In this chapter, we will first design, 
fabricate and characterize an ultra-compact silicon nitride grating coupler to 
maximize the coupling between the optical mode of a waveguide to a 
microscopy system and help to characterize the on-chip single photon source.  
We will then also show a suspended waveguide with an embedded mono-layer 
of colloidal QDs patches. This will allow studying if the emission from the 
embedded colloidal QD patches can be efficiently coupled to the optical mode 
of the suspended waveguide and further coupled out by the ultra-compact 
grating coupler.   




Grating couplers are now extensively used to couple light between optical fibers 
and PICs.
 
The use of grating couplers allows avoiding expensive processing and 
packaging steps such as facet polishing and lensed fiber alignment. Grating 
couplers with high efficiency and relatively large optical bandwidth [24-27] 
have been successfully demonstrated for traditional telecom wavelengths and 
near infrared wavelengths [28]. They have become standard components in PIC 
platforms and enable wafer scale testing. 
As discussed above a key building block for PIC based quantum optics is an 
integrated single photon source, required in applications as diverse as quantum 
teleportation [29], quantum computation [30] and several schemes for quantum 
cryptography [31]. Current efforts to realize integrated single photon sources 
rely, amongst others, on using nonlinear four-wave mixing [32] and epitaxially 
                                                          
9 The text in this section is adapted from ref [23] 
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grown quantum dots [33]. Also colloidal CdSe/ZnS core-shell quantum dots 
(QD) have been shown to be efficient single-photon emitters [9-10, 13]. Further, 
as mentioned in the previous section, we recently have demonstrated a hybrid 
QD-SiN platform, which allows combining colloidal quantum dots with low loss 
waveguides [34]. Moreover in [21] we showed that a dipole emitter embedded 
in a SiN waveguide with optimized dimensions can couple up to 43% of its 
emission to a single waveguide mode, with a 95% polarization ratio. Finally, we 
experimentally demonstrated the capability for positioning individual quantum 
dots at a predefined location with high yield [20]. The combination of these 
results shows the hybrid QD-SiN platform offers the potential for realizing 
efficient on chip single photon sources in combination with complex photonic 
circuits.  
However, to characterize these QDs based integrated single photon sources 
and the associated photonic circuits, it is desired to use a high numerical 
aperture (NA) microscopy system, since it can help to accurately localize the 
optical excitation and maximize the collection efficiency. An important building 
block for such systems is an efficient, compact and broad band coupler that can 
extract the light from the PIC towards a standard microscopy system. Standard 
grating couplers, which are optimized for fiber-to-chip coupling, typically not 
only have dimensions similar to those of the core of single mode optical fibers 
(100 µm²) but also need an optimized taper between the waveguide and the 
grating coupler to achieve high coupling efficiency. Therefore, they are usually 
not compact enough for large NA microscopy applications. On the other hand, 
single mode optical fibers have a small numerical aperture (NA) compared to a 
typical microscopy system. The much larger NA of a microscopy system allows 
a wider collection angle, possibly leading to higher coupling efficiency and 
wider bandwidth.  Hence there is a need for compact, efficient and broad-band 
components, which can couple light from a chip to an objective. There has been 
some work describing compact on-chip couplers before [35-36]. A similar 
design has also been used as an optical antenna unit in a nanophotonic phased 
array, to couple light from a waveguide to free space, focusing on beam steering 
applications [37]. However, these designs are based on silicon or III-V PICs, 
which exhibit a higher index contrast. Compared with the silicon and III-V PIC 
platforms, the SiN PIC platform offers a wider optical transparent window with 
lower optical propagation loss [38]. However, its lower index contrast makes 
realizing efficient grating couplers more challenging.   
Therefore, we present a methodological approach for the design, fabrication 
and characterization of an ultra-compact SiN grating for coupling light from PIC 
waveguide to a microscopy system.  
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5.1.1 Grating coupler design 
As shown in Figure 5.5(a), the parameters of a diffraction grating that can be 
optimized are usually its period, the etching depth, the filling factor, the number 
of periods and the distance between grating and substrate. All simulations were 
carried out at the He-Ne laser’s lasing wavelength of 632.8 nm. This wavelength 
lies in the range of our colloidal QDs emission bandwidth and it allows for 
straightforward experimental verification of the simulation results. We choose 
silicon nitride (n=1.91@ 632.8 nm) as the waveguide material and fixed the 
thickness of the waveguide to 220 nm. In previous work, simulations showed 
that this waveguide thickness optimizes light coupling between emission from 
an embedded QD emitter to the waveguide optical mode [21]. The top view of 
the proposed grating coupler is shown in Figure 5.5(b). The grating coupler has 
been designed in a circular shape. We are aiming to under etch the substrate 
material beneath the grating, on the one hand because it enhances the coupling 
of the emission of an embedded dipole emitter to the waveguide optical mode, 
while on the other hand it further enhances the efficiency of the grating coupler. 
Therefore, a small supporting beam has been added between the grating coupler 
and the waveguide to ensure a fully suspended structure is realistic. 
We choose to etch completely through the grating to increase its contrast 
while in the meantime also making the fabrication process easier. The filling 
factor is fixed to 0.5 to guarantee an easier process. To determine the best 
parameters for the grating coupler, 3D finite difference time domain (FDTD) 
simulations were carried out. The fundamental TE mode of the suspended 
waveguide (600 nm in width, 220 nm in thickness) has been used to excite the 
grating. A field and power monitor have been placed 0.5 μm above the grating 
to check the power scattered upwards by the grating coupler. Since we are more 
interested in how much light will be captured by an objective, also the far field 
radiation pattern of this field and power monitor has been simulated, to be able 
to calculate the power collected by an objective with a given NA (0.65 in the 
remainder of this section). 
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Figure 5.5: (a) The schematic of the grating coupler design; (b) The top view of 
the proposed circular shape grating coupler, a small supporting beam 
is added between the grating coupler and the waveguide to ensure a 
fully suspended structure realistic.  
We first varied the period of a grating coupler consisting of only 3 periods 
without substrate. We calculated the total power coupled upwards and the far 
field as collected by an objective with NA = 0.65.  The results are shown in 
Figure 5.6(a). The dip around 525 nm corresponds to the period for which the 
first order diffraction is radiated nearly vertically and the second order 
diffraction is coupled backwards in the waveguide, leading to reduced upwards 
coupling. We can also find a reduced upwards diffraction for periods around 800 
nm and 1050 nm, corresponding to the situations whereby the third and fourth 
order diffraction are coupled in the waveguide. Also note that the N.A. 0.65 
collection efficiency decreases dramatically with increasing period, which can 
be attributed to the fact that more light goes outside of the collection angle for 
larger grating periods (more light is coupled in higher order diffraction angle 
with large inclination). 
 
Figure 5.6: (a) 3D FDTD simulation results of period length vs power up/power 
collected with NA = 0.65; (b)3D FDTD simulation results of number 
of periods vs power up/power collected NA = 0.65 (the period length 
is 600 nm) . 
As we aim to minimize the grating coupler size, we also simulated the 
influence of the number of periods. Figure 5.6(b) shows the power coupled 
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upwards and the power collected within an NA = 0.65 as function of the number 
of periods, with the period of the grating fixed to 600 nm. The results clearly 
show that with an increased number of periods, more light gets deflected 
upwards. Fully etching the grating ensured a high contrast and results in an 
efficient diffraction for the light from the waveguide. From the simulation, we 
can conclude that 3 periods form a good balance between the coupling 
efficiency and the compactness of the grating coupler. 
We have also done the filling factor scan. Figure 5.7 shows the power coupled 
upwards as a function of the filling factor with 3 periods grating and 600 nm 
period length. The result indicates a maximum coupling efficiency with a 0.45 
filling factor. 
 
Figure 5.7: the power coupled upwards as a function of the filling factor with 3 
periods grating with 600 nm period length 
The distance between the substrate and the grating plays a major influence in 
controlling the grating coupler’s upwards efficiency. Without substrate, the 
grating deflects the light upwards and downwards evenly because of the 
symmetric index distribution. With the substrate, the light radiated downwards 
by the grating coupler will get reflected at the substrate interface. By carefully 
choosing the distance between grating and substrate (Dclad), this field can 
interfere constructively with the field coupled directly upwards. Improving the 
reflection from the substrate interface can also improve the upwards coupling 
efficiency.  
Silicon is a high index material, which can already provide 34.9% reflection. 
However, a metal mirror is a better choice since it can provide higher reflection 
with only a few tens of nanometer thickness. It can also act as a stop layer 
during wet etching since we are aiming for suspended waveguides. Table 5.1 
shows the reflectance of commonly used metals at 632.8 nm.  
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Table 5.1:  Reflectance at 632.8 nm of commonly used metals. 
From Table 5.1, Ag, Al and Au show better performance in terms of the 
reflection at 632.8 nm. However, a Ag layer can easily get oxidized which will 
reduce the reflection. Au needs the addition of a thin Cr layer between Si and Au 
to improve the adhesion. Moreover, a thicker Au layer is needed for high 
reflection. Figure 5.8 shows calculation results with varying Al and Au 
thickness as a function of the reflectance at 632.8 nm. An Al layer around 30 nm 
can already guarantee a strong reflection while around 80 nm thickness is 
needed for Au to achieve the same reflection. So we choose Al as the metal to 
enhance the reflection from the substrate.  
 
Figure 5.8: The reflectance with different metal layer thickness at 632.8 nm. Al 
layer and Au layer is compared.  
Figure 5.9(a) shows how the coupling efficiency varies as a function of the 
distance between the substrate and the grating. In this simulation, the grating 
coupler’s period length has been set to 600 nm with a 0.5 filling factor. We 
compare the results for a standard silicon substrate and for a substrate with a 50 
nm Aluminium (Al) (nreal=1.38; nimaginary=7.62 @ 632.8 nm) layer coated on top.  
The total power radiated upwards and the power collected within an NA = 0.65 
results are presented. By coating the silicon substrate with Al, the reflection is 
improved, which enhances the grating coupler’s performance. Figure 5.9(b) 
shows the far field radiation pattern of the grating coupler with optimized 
parameters (Al coating; 600 nm period length; 950 nm Dclad distance). An NA of 
0.65 corresponds to a collection half angle of 40.54°.  The simulated far field 
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radiation distribution shows a well-controlled field distribution: most of the 
scattered energy stays inside of this half angle, which will be efficiently 
collected. Figure 5.9(c) shows how the coupling efficiency varies as function of 
the collection NA. With a high-NA objective (NA=0.95) almost 75% of the light 
can be collected. We have also simulated the optical bandwidth of the grating 
couplers. Figure 5.9(d) shows the simulated bandwidth and collecting efficiency 
comparison for different gratings. The black curve is the result for the ultra-
compact grating; maximum 59.1% efficiency with a 116 nm 1dB bandwidth can 
be achieved. The red curve is the result for the ultra-compact grating with silicon 
oxide layer underneath (with Al layer below silicon oxide layer). Result shows a 
decreased efficiency due to the low contrast of the grating. The blue curve is the 
result of the 1d normal grating [28] (10 μm in width; 0.43 μm period length; 70 
nm shallow etched; 20 periods), a maximum 38% efficiency with a 71 nm 1dB 
bandwidth is achieved. Our ultra-compact grating’s large bandwidth results both 
from the high index contrast of the grating coupler and the large NA of the 
microscopy system (compared to a single mode fiber). 
 
Figure 5.9: (a) 3D FDTD simulation results of total power radiated upwards and 
power collection with NA = 0.65 versus distance Dclad. Results for 
substrates with/without Al coating are shown. (b) 3D FDTD 
simulation of far field radiation pattern of the grating coupler with 
optimized parameters (600 nm period length; 950nm Dclad distance). (c) 
Simulation results of coupling efficiency with different NA. (d) 
Simulation results of bandwidth and collecting efficiency comparison 
of different grating couplers. 
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5.1.2 Fabrication 
To validate our design, we aimed to experimentally verify the relationship 
between coupling efficiency to a microscopy system and the period of the 
grating coupler. As shown in Figure 5.10, we propose to fabricate a suspended 
waveguide with grating couplers at both sides. One is used to couple the light 
into the waveguide, the other one to out couple that light into an objective lens. 
The period of the in-couple grating is kept constant (such that the power in each 
waveguide is the same); we only vary the period of the out coupling grating 
coupler. In this way, we can measure the out coupling efficiency versus the 
grating period. 
 
Figure 5.10: Proposed device structure to measure the efficiency of the ultra-
compact grating coupler. The structure contains suspended waveguide 
with grating couplers at both sides. 
We fabricated the test structures by electron beam lithography (e-beam). 
Figure 5.11 schematically shows the fabrication flow. First, 50nm Al is 
deposited onto a silicon wafer by an electron beam evaporation process. This 
layer is used to enhance the substrate reflection. A thin layer of Al oxide (5 nm) 
and silicon oxide (5 nm) are then deposited on the Al layer to protect it from 
oxidation and wet etching. Then an amorphous silicon (a-Si) layer is deposited 
by an optimized plasma enhanced chemical vapor deposition (PECVD) process 
performed at a temperature of 180 °C.  This layer serves as a sacrificial layer 
during the wet etching. The targeted thickness is 950 nm, which is the optimized 
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layer thickness between the grating and the substrate derived from the 
simulation shown in Figure 5.8(a). 
 
Figure 5.11: Schematics of the fabrication flow. (a) Deposition of 50 nm 
Aluminium layer on top of the silicon substrate. Thin layer of 
Aluminium oxide (5 nm) and silicon oxide (5 nm) are later deposited 
on the Al layer to protect the Al layer from oxidation and wet etching. 
(b) 950 nm of a-Si is deposited on top of Al layer. (c) 220 nm of SiN 
is deposited on top of a-Si layer as the waveguide layer. (d) E-beam is 
used to pattern the test structure and RIE etching transfers the pattern 
from e-beam resist to SiN layer. (e) Wet etching is used to undercut 
the grating and the waveguide. Some a-Si is left to support the pillar, 
as shown in the figure. (f) CPD process is used to release the structure 
and oxygen plasma cleaning is used to remove the residual e-beam 
resist. 
A 220 nm thick H-F SiN layer is then deposited onto the a-Si layer by a 
PECVD process, carried out 180 °C and an RF bias 30 W at 13.56 MHz. The 
latter is optimized to obtain tensile strain in the deposited SiN layer, which 
guarantees good suspension after releasing the whole structure. Next, the grating 
coupler and waveguide structures are patterned using electron beam lithography 
(Raith Voyager). As mentioned in Section 2, a small beam (280nm in length) is 
added at each side, between the grating coupler and the waveguide, to support 
the whole structure with the attached pillars. The length of the suspended 
waveguide has been set to 35 μm, ensuring sufficient separation of the input and 
output grating couplers, while being short enough to avoid the collapsing of the 
structure. An optimized reactive ion etching (RIE) process is used to transfer the 
pattern to the SiN layer [34]. An alkaline based Tetramethylammonium 
hydroxide (TMAH) wet etch step is carried out at 65°C to remove the a-Si layer. 
Then a critical point drying (CPD) process is carried out to release the structure. 
Finally, oxygen plasma cleaning is needed to remove the residual e-beam resist.  
As we discussed in Chapter 3.4, the L-F SiN layer has compressive stress, 
which will cause the suspended waveguide and free hanging structure to bend  
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Figure 5.12: SEM picture of the structures after release with L-F H-SiN layer.  
From the picture. The compressive stress introduced by the SiN layer 
leads to a failure released structure. 
 
Figure 5.13: SEM picture of fabricated device array with H-F SiN layers. The 
tensile stress introduced by the SiN layer guarantees a successful 
release after wet etching. 
after releasing the structure. Figure 5.12 shows a typical failure structure with L-
F SiN layers deposited with PECVD. From the picture, downwards bending 
suspended waveguide can be seen, leading to a collapsed waveguide. Moreover, 
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with the existence of the compressive stress, the free hanging gratings at each 
side of the waveguide are also randomly bending upwards and downwards, 
leading to a non-controllable Dclad distance, which is also not desired. 
 Figure 5.13 shows the fabricated device array with H-F SiN layer. The tensile 
stress introduced by the SiN layer guarantees a successful release after wet 
etching. No bending in the suspending waveguide and grating region can be 
observed. With the tension from the SiN layer, the Dclad distance will be the 
same as the thickness of the a-Si layer. That helps to accurate control the Dclad 
which can maximize the efficient of the grating coupler. 
5.1.3 Characterization 
We measured the grating coupler structure efficiency using a microscopy system 
setup. Figure 5.14 shows the scheme of the measurement arrangement. The 
beam from the He-Ne laser has been adjusted so that the input beam is 
perpendicular to the surface of the sample. The laser beam is focused on the 
input grating coupler by the objective lens from the setup while the iris 
diaphragm blocks the reflection from the input beam and lets the light coupled 
out from the second grating pass through in the image plane. The intensity of the 
light coupled out can be measured after the iris by a detector. The insert of  
 
Figure 5.14: Microscopy system setup for the measurement. The laser is focused 
by a lens with NA = 0.65. There is an iris to block the reflection from 
the input laser in the image plane. The light from the out coupling 
grating can be measured with the detector. Insert: optical microscope 
picture of the grating couplers with input reflection and output spot 
(without the iris). 
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Figure 5.14 shows an image of the sample with the laser input turned on. We 
can clearly see a good separation between the reflection of the input beam and 
the light coupled out from the opposite coupler. The input intensity of the beam 
can be calibrated by measuring its reflection. We use a standard bare silicon 
wafer with known reflectivity (34.8%) to calibrate the reflection. By doing the 
calibration, the input beam intensity can be extracted.  With the calibrated input 
beam, we can measure the reflection of the Al layer, which is 80.5%. The 
waveguide propagation loss can be estimated from previous measurement 
results [34], and is only a few dB per centimeter. Given the total length of the 
suspended waveguide is 35 μm this results in a negligible loss. The main 
insertion loss is coming from the mode mismatch between the focused Gaussian 
beam of the laser and the input grating coupler. We have simulated the coupling 
efficiency between this Gaussian beam and the suspended waveguide with the 
grating coupler. For a Gaussian beam with a 1.5 μm waist radius (as measured), 
the simulation shows 15.9% of the light can be coupled to the fundamental TE 
mode through the grating structure with 560 nm period (as shown in Figure 
5.15). 
 
Figure 5.15: 1.5 μm waist radius Gaussian laser beam coupling in efficiency 
with changed grating period. 
Figure 5.16 shows the measured coupling efficiency versus the period of the 
second grating coupler. Also the simulated coupling efficiency is shown.  As 
expected, the coupling efficiency is strongly dependent on the grating coupler’s 
period. The maximum efficiency is achieved for a period of 620 nm, in which 
case 53% of the light from the TE mode from the waveguide can be coupled out 
by the grating coupler to the microscope. The measured results agree well with 
the simulated results. The remaining difference with simulated results might be 
related to an overestimation of the light coupled in the input grating coupler or 
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small deviations in the fabricated structure and in particular the exact distance 
towards the substrate. 
 
Figure 5.16: Measurement results: the black curve is the simulated power couple 
to a microscopy system with NA=0.65; the blue curve is the measured 
results with a 950 nm distance between the grating coupler and the Al 
substrate. 
5.1.4 Conclusion and discussion 
In conclusion, we have demonstrated the design, fabrication and characterization 
of an ultra-compact SiN grating coupler. The grating coupler is designed to 
maximize the coupling between a suspended SiN waveguide and a microscopy 
system. With the optimized parameters and using only 3 periods, we have 
experimentally demonstrated a 53% coupling efficiency from the fundamental 
TE mode (@ 632.8 nm) to a microscopy system with 0.65 NA. Simulations 
show that for an NA = 0.95 it should be possible to increase the coupling 
efficiency above 75%. For standard grating coupler can provide 4dB loss for the 
waveguide to fiber coupling @900 nm, which is about 40% coupling efficiency 
[28].  Around 116 nm 1dB bandwidth can be theoretically achieved, due to the 
high contrast of the grating and a large collection angle from the microscopy 
system. The coupling efficiency can be further improved by using a more 
complicated distributed Bragg reflector layer on top of the substrate to improve 
the reflection compared to the currently used Al-mirror. Using a lens with a 
larger NA will also improve the coupling efficiency. Using a non-uniform 
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5.2 Waveguide with embedded monolayer QDs 
In this section, we fabricate waveguides with a patterned monolayer of QDs 
embedded. The proposed device structure has been shown in Figure 5.17. The 
structures are similar to those used for the ultra-compact SiN grating coupler 
characterization, expect that the grating couplers at both side are identical 
(period = 620 nm). 
 
Figure 5.17:  Proposed device structure to embed monolayer QDs into 
waveguide. Optimized grating couplers are at both sides. The QDs 
section will be pumped by a blue laser and emission will be coupled 
into waveguide mode and couple out by the grating coupler at both 
sides. 
Small patches of QDs will be embedded in the suspended waveguide.  Then 
we will check if the emission from the embedded QDs pumped with a laser 
beam can be collected from the grating region. This is an intermediate step 
towards the demonstration of an on-chip single photon source..  
5.2.1 Fabrication 
We fabricated the structure proposed in Figure 5.17 by e-beam lithography. 
Figure 5.18 schematically shows the fabrication flow. First, a 110 nm H-F H-
SiN layer is deposited on top of a Si substrate. Later, an e-beam patterning 
process is used to define the Au markers for the following overlay exposures. A 
50 nm thick Au layer is deposited onto the sample by an electron beam 
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evaporation process, followed by a lift off process to form the markers on the 
SiN layer. With the patterned Au marker, a first e-beam patterning process is 
used to define the colloidal QDs pattern, combining an L-B process and lift off. 
Later, another layer of H-F L-SiN is deposited on top to encapsulate the 
colloidal QDs. Note that low temperature SiN is used here to not only better 
preserve the photoluminescence of the embedded colloidal QDs, but also 
because it provides a low background fluorescence from the SiN layer (see 
chapter 3). A second e-beam step is used to pattern the grating and waveguide. 
Note that the waveguide width is 600 nm, and the grating couplers’ period is 
620 nm, as optimized in last section. After RIE etching to transfer the patterning 
to the SiN layer, an alkaline based TMAH wet etch step at 65°C is carried out to 
partly remove the Si substrate layer. Then a critical point drying (CPD) process 
is carried out to release the free hanging structure. Finally, oxygen plasma 
cleaning is needed to remove the residual e-beam resist.   
 
Figure 5.18: Schematics of the fabrication flow. (a) Deposition of 110 nm H-F 
H-SiN layer on top of the silicon substrate. (b) Au marker patterning 
has been done with e-beam and lift off process (c) First overlay e-
beam and L-B process is used to pattern the monolayer colloidal QDs 
layer (d) 110 nm H-F L-SiN is deposited to encapsulate the colloidal 
QDs layer (e) Second overlay e-beam is use to pattern the grating (f) 
Alkaline based TMAH wet etching is used to remove the silicon under 
the waveguide and make the structure free hanging. CPD process is 
used to release the structure and oxygen plasma cleaning is used to 
remove the residual e-beam resist. 
SEM is used to check the quality of the monolayer QDs layer patterned by e-
beam lithography, L-B deposition and lift off. Figure 5.19(a) shows the result, 
indicating a well patterned 50 nm wide monolayer of colloidal QDs with almost 
no cracks. 
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Figure 5.19: SEM image of the fabricated sample. (a) The monolayer QDs layer 
deposited on top of the SiN layer by overlay e-beam, L-B process and 
lift off process. The strip QDs layer has a width about 50 nm. (b) The 
fabricated sample after the CPD release. The whole device is free 
hanging. The embedded QDs are in the middle of the free hanging 
waveguide. 
A SEM image has been taken after releasing the waveguide. Figure 5.19(b) 
shows the fabricated sample after the CPD release. The tensile stress from the 
H-F SiN layer guarantees a successful release with good free hanging 
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waveguide arrays. Note that the embedded monolayer QD patches are in the 
middle of the free hanging waveguide.  
5.2.2 Characterization 
The device characterization is done in a micro-photoluminescence (μ-pl) setup. 
The schematic of the μ-pl setup diagram has been show in Figure 5.20. 
 
Figure 5.20: The schematic of the micro-photoluminescence setup diagram. 
The excitation beam of the setup is produced by a PicoQuant LDH-DC-440M 
laser diode. The laser diode operates in either cw or pulsed mode (in which case 
it produces short pulses of less than 100 ps). The excitation beam was focused 
on the sample using an Olympus objective lens (100x 0.75NA) and shaped using 
a digital micro-mirror device (Texas Instrument, 0.55” XGA 2x LVDS DMD) to 
allow custom excitation patterns (e.g. exciting a single diffraction-limited spot 
or the entire field of view). The luminescence was collected through the same 
objective lens and directed either to an imaging spectrometer (Andor Shamrock 
330i) equipped with an EMCCD camera (Andor iXon DU897) or to a Hanbury-
Brown Twiss setup. The imaging spectrometer was used to image the surface of 
the sample and record the emission spectra of the sample. The Hanbury-Brown 
Twiss setup consisted of a 50/50 beam-splitter, two silicon photon-counting 
modules (Perkin Elmer SPCM-AQRH-14) with a time resolution of about 500 
ps, and start-stop time correlator (PicoQuant, PicoHarp 300). The Hanbury-
Brown Twiss setup was used to measure the luminescence decay, the g(2)-
function and the blinking statistics of samples. 
We use the cw mode of the laser diode to characterize our fabricated sample. 
The beam is adjusted to a small spot with diameter around 1.5 μm to only pump 
the embedded dots in the middle of the free hanging waveguide using the digital 
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micro-mirror device. The power intensity of the pumping spot is around 300 
W/cm
2
. Figure 5.21 shows the image captured with the EMCCD camera. A top 
view SEM image of the device structure, approximately scaled to the same 
dimensions is also shown in Figure 5.20. 
 
Figure 5.21: The captured image with the EMCCD camera. A top view SEM 
image of the device structure is also shown on the right as a compare. 
The scale bar is 10 μm. 
The result shows that part of the emission of the embedded monolayer 
colloidal QDs is not coupled into the optical mode of the suspended waveguide. 
This is expected from the simulation results in Figure 5.2. For the suspended 
SiN waveguide with 220 nm by 600 nm geometry, we expect 24% of the 
emission can be coupled to the waveguide and 76% of the emission is coupled to 
the free space. Taking into account the coupling efficiencies, we expect 9.6% 
emission will be coupled out from the grating. The emission can be observed in 
the grating area from Figure 5.21. The not coupled emission goes to free space 
and gets captured by the EMCCD, which can be seen from Figure 5.21 as the 
emission from the pumping spot. However, also part of the emission of the 
embedded QDs is coupled to the optical mode of the suspended waveguide. This 
emission is coupled out by the grating couplers sitting at both ends of the 
waveguide, which can be seen from the captured image. We actrually measure 
and compare the counts in the embedded region and the two grating coupler 
regions. which shows a ratio around 3.5:1. These measurement results are close 
to the simulation results.  
We further analyse the spectra of the different emitted beams with the 
imaging spectrometer from the setup. Figure 5.22 shows the spectral information 
of the emission from the pumping spot and the grating coupler. The spectrum 
from the pumping spot region is approximately centered at 620 nm and exhibits 
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a FWHM of 42 nm, which is the same as the colloidal QDs spot in the solution 
phase. This spectrum indicated the emission from this region is mainly from the 
embedded dots and not from the background photoluminescence from the SiN 
layer (the spectrum of background photoluminescence is generally much wider).  
The spectra from the grating couplers region are approximately centered at 615 
nm and exhibits a FWHM around 42 nm. This result indicates also the captured 
emission from the grating couplers region mainly comes from the emission 
coupled to the waveguide mode.  
 
Figure 5.22: The spectra of the emission from the pumping spot and the grating 
couplers using the imaging spectrometer.  
5.2.3 Conclusion and discussion  
We have demonstrated devices with nano-patches monolayer colloidal QDs 
embedded in suspended SiN waveguide. The embedded QDs still maintain 
their emission after the full process. Part of the emission from these 
embedded QDs is coupled to the optical mode of the suspended waveguide. 
The ultra-compact grating coupler can efficiently out couple light from the 
waveguide to a μ-pl setup. This is an important intermediate step towards the 
on-chip single photon source.  
The current QD-pattern contained approximately 200 QDs.  The measured 
emission reaches  ± 10.5 times above the background noise level.  To realize 
a real on-chip single photon source and be able to measure its emission with 
this setup, there is still work to be done. The single dot patterning technique 
should be used, to pattern single colloidal QDs in the desired position. To 
further improve the coupling efficiency, optimized waveguide dimension 
should be used to enhance the coupling efficiency between the embedded 
QD and the optical waveguide mode. And an Al metal layer should be used 
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to enhance the grating couplers coupling efficiency to the μ-pl setup, similar 
to what has been done in the previous section. 
For the possible device layout for future practical devices, we could 
locally under etch the SiN waveguide with optimized dimension containing a 
single colloidal QD to enhance the coupling efficiency, while leaving the 
other parts of the waveguide attached to the substrate to maintain a robust 
structure. Also other more efficient coupling structures can replace the ultra-
compact grating coupler. E.g. an inverted taper can be used, to maximize the 
coupling between the waveguide and collecting fiber. 
5.3 Conclusion 
In this chapter, we present the work on the integration of patches of mono layer 
colloidal QDs in a suspended SiN waveguide aiming to demonstrate on chip 
single photon sources. In the first part of this chapter, we show the design, 
fabrication and characterization of an ultra-compact grating coupler optimized to 
maximaze the power coupling between the suspended SiN waveguide and a 
microscopy system. The experiment shows up to 53% power coupling efficiency 
to a NA = 0.65 microscopy system can be achieved. And our simulations show 
the coupling efficiency can increase up to 75% for microscopy system with NA 
= 0.95. Also our grating is very compact with a size only 4 by 2 μm
2
, which is 
suitable for the microscopy system with limited field-of-view.  In the second 
part, we embedded patches of monolayer colloidal QDs into the suspended SiN 
waveguide. The photoluminescence properties of the colloidal QDs can still be 
preserved after all the fabrication processes.  The emission from the embedded 
colloidal QDs can be well coupled to the waveguide. With the help of the 
optimized ultra-compact grating, the emission coupled to the waveguide can be 
also well coupled out and captured by the microscopy systems. In combination 
with the earlier developed single colloidal QD patterning technique, our work 
shows the potential to realize single photon sources with our optimized hybrid 
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In this thesis, we have developed a heterogeneous integration platform aiming to 
combine the excellent optical emission properties of colloidal QDs with a SiN 
waveguide platform. First, a passive SiN photonics waveguide platform based 
on a plasma enhanced chemical vapor deposition process has been developed 
and demonstrated. With the optimized deposition and etching recipe, we have 
achieved low-loss waveguides with ~1 dB/cm optical loss for wavelengths 
around 900 nm.  Moreover, we demonstrated colloidal QDs can be embedded in 
between of two SiN layers without quenching their photoluminescence. With the 
optimized deposition and etching recipe, a SiN waveguide containing one 
embedded layer of colloidal QDs can still achieve low waveguide losses as low 
as ~2-3 dB/cm, which is already sufficiently low for many applications relying 
on integrated waveguide circuits. We have also characterized the stress and 
material fluorescence of SiN layers deposited with different recipes, as these 
might impact the different targeted applications.   
To investigate the properties of the embedded QDs further, we developed a 
waveguide based variable stripe length method to measure the modal gain 
coefficient of waveguide, which contains embedded colloidal QDs. We showed 
the embedded QDs exhibit amplified spontaneous emission (ASE) under 
femtosecond pulsed laser pumping. The results are consistent with the results we 
got from Transient Absorption Spectroscopy (TAS) on solution phase QDs. 
Exploiting the optical gain properties from the embedded colloidal QDs, we 
have designed, fabricated and characterized on-chip distributed feedback lasers 
based on this hybrid SiN colloidal QDs waveguide platform. The laser shows 
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single mode lasing under femtosecond pulsed laser pumping with a lasing 
threshold around 12 μJ/cm
2
 @ 400 nm. To further investigate the laser 
performance, we used a Q-switched frequency doubled Nd:YAG laser (532 nm) 
with a 7 nanosecond pulse width and a 938 Hz repetition rate for pumping. The 
laser still shows lasing with a lasing threshold around 270 μJ/cm
2
. For the flash 
CdSe/CdS core/shell colloidal QDs we used for our laser, measurement in 
section 4.1 shows these dots exhibit a 2 ns
-1
 biexciton decay rate, which 
corresponds to a 500 ps biexciton lifetime. Compared to this biexciton lifetime, 
our 7 ns pump actually can be considered as quasi-CW pumping. This opens 
strong prospects in terms of CW operation and, consequently, an extended 
application potential. The intrinsic combination with the mature SiN-waveguide 
platform then immediately opens the path towards more complex devices such 
as tunable lasers and arrays of single mode lasers or integration with passive 
structures such as on-chip spectrometers.  
Since colloidal QDs are solution processed materials at low cost, which can 
be directly patterned onto a substrate, we have also used this feature and 
demonstrated on-chip gain-coupled DFB lasers based on an optimized colloidal 
QDs patterning technique. The laser shows single mode lasing without phase 
shifter in the middle of the laser cavity. The threshold is around 950 μJ/cm
2
 
@532 nm Nd:YAG laser pumping. 
We have also tried to combine the colloidal nano-platelets (NPLs) with the 
SiN waveguide platform. The NPLs still show their ASE after embedding them 
into the SiN layer stacks. A material gain coefficient around 3500 cm-1 can be 
extracted from the VSL measurement. This showcases the versatility of the 
hybrid integrated photonics platform we developed and the fact that our 
optimized hybrid SiN waveguide platform can potentially be used for integration 
with other colloidal nano-crystals. 
Colloidal QDs are candidates as single photon emitter at room temperature. 
Our developed SiN waveguide platform can also be used to integrate colloidal 
QDs to realize on-chip single photon sources. However, to characterize these 
QDs based integrated single photon sources and the associated photonic circuits,  
compact, efficient and broad-band couplers are needed to couple light from a 
chip to an objective. In this thesis, we have demonstrated the design, fabrication 
and characterization of an ultra-compact SiN grating coupler. The grating 
coupler is designed to maximize the coupling between a suspended SiN 
waveguide and a microscopy system. With the optimized parameters and using 
only 3 periods, we have experimentally demonstrated a 53% coupling efficiency 
from the fundamental TE mode (@ 632.8 nm) to a microscopy system with 0.65 
NA. Around 116 nm 1dB bandwidth can be theoretically achieved, due to the 
high contrast of the grating and a large collection angle from the microscopy 
system. We also have embedded nano patches of monolayer colloidal QDs into 
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the suspended waveguide. With optical pumping, the emission from the 
embedded nano patches can be well coupled to the optical mode of the 
waveguide. With the help of the grating coupler, these emissions can be also 
coupled out to the collection objective. 
6.2 Perspectives 
For the on-chip lasers using colloidal QDs as a gain material, the next target is to 
demonstrate lasing under CW optical pumping. One direction is to further 
improve the optical gain properties from the colloidal QDs themselves. 
Colloidal QDs with longer biexciton lifetime and higher gain coefficient will be 
beneficial to lower the lasing threshold and allow for a CW pumped laser. Using 
inorganic-halide-capped colloidal QDs could increase the packing density in the 
active layer, resulting in a higher modal gain and better thermal conductivity. A 
ZnS-shell can be used to cap the colloidal QDs and better preserve their optical 
properties after encapsulation into the SiN layer stack. The other direction is to 
improve from the integration side. Currently, the waveguide is defined with a 
one-step etching. We could use different optimized etching recipes to etch the 
SiN and colloidal QDs layer separately to achieve a smoother waveguide 
sidewall for higher Q optical cavities. Another option is to pattern the colloidal 
QDs layer inside the waveguide to avoid etching the colloidal QDs layer. Other 
than the potential optimization which can improve the Q factor of the cavity, it 
is relevant to provide on-chip heat sinking structures to avoid local heating that 
quenches the colloidal QDs’ emission.    
Also for the on-chip single photon sources using colloidal QDs, further work 
is needed. The single dot pattern technique should be used, to pattern single 
colloidal QDs in the desired position. To further improve the coupling efficiency, 
optimized waveguide dimension should be used to enhance the coupling 
efficiency between the embedded QD and the optical waveguide mode. And an 
Al metal layer should be used to enhance the grating couplers coupling 
efficiency to the  μ-pl setup. 
 
 
 
